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Abstract

The photoisomerization reaction of azobenzene in both directions have been in-

vestigated with a density functional theory based approach using the surface

hopping procedure with forced jumps. While the cis-to-trans isomerization was

found to be a stepwise reaction along the CNNC dihedral angle, the trans-to-

cis isomerization was observed to be one smooth step. The further unbiased

full-dimensional analysis of the cis-to-trans isomerization revealed that, while

the CNNC dihedral angle is an important degree of freedom for describing the

reaction, it is insufficient for describing all of the dynamics. For a fuller pic-

ture two coupled modes must be considered. The trans-to-cis isomerization

on the other hand was found to be well described along only the CNNC dihe-

dral angle, and its longer timescale could be ascribed to the slow oscillations

of this degree of freedom rather than a potential energy barrier in the excited

state. The timescales observed in this study was found to be in good agreement

with experiment, and thus this work provides insights into the interpretation

of experimental observations. Finally, investigations of the structures of the

CIs for both reactive and non-reactive trajectories showed a heavy functional

dependency.
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1. Introduction

Ever since the discovery of the photo-induced isomerization process of azoben-

zene in 1937 by Hartly[1], the molecule and its derivatives have been studied

widely both experimentally[2] and theoretically[3, 4, 5, 6, 7, 8, 9, 10, 11, 12].

The appeal of azobenzene derivatives stems from the many possible applications

of the molecules[13]. This class of molecules is widely considered promising for

applications in optical data storage and information transfer[14, 15, 16, 17, 18,

19, 20] and generally as good photoswitches[15, 21, 22], not to mention their

applicational interest for photomodulable surfaces[23, 24, 25] and molecular ma-

chines and motors[26, 27, 28, 29].

Despite the efforts to uncover the dynamics of azobenzene, the photoisomeriza-

tion reaction is still not fully understood and both theoretical[3, 4, 10, 20, 22,

30, 31, 32, 33, 34, 35] and experimental[25, 36] studies continue to be published.

It remains unclear why the trans-to-cis isomerization happens on a significantly

longer timescale than the cis-to-trans isomerization. A possible reason could

be an energy barrier on the potential energy surface (PES) of the trans-to-cis

isomerization, however not all theoretical studies have found such a barrier[2].

Also, the dynamics after the transition to the ground state is not clear, e.g. it

is not known if the isomerization process happens stepwise or not. While the

structure of the two isomers are characterized well by experiments[2] the reac-

tion path is less well defined. Many theoretical and experimental studies agree

that the cis-to-trans isomerization follows a rotational path[2, 3, 6], however

studies of the trans-to-cis isomerization do not agree whether a rotation or in-

version pathway is dominant for the non-reactive pathway[2, 3, 5, 7, 32, 30, 37].

In addition, a twist mechanism has also been suggested for both isomerization

reactions[9, 10, 12, 11]. In fact, while studies suggest two distinguishable conical

intersections (CIs) - a rotated and a planar - they seem to disagree about the

importance of the planar CI[5, 8, 37]. Finally, the important degrees of freedom
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the degree of freedom of main importance is the CNNC dihedral angle. While a

few studies[8, 10, 12, 30, 31] suggested that one should consider other degrees of

freedom, the main conclusion of a recent extensive study of the trans-to-cis iso-

merization by Tavadze et al[30] was, that the trans-to-cis isomerization process

was heavily dominated by the change in the CNNC dihedral angle, justifying

that it is usually the only degree of freedom considered when investigating the

PES of the reaction[3, 5, 6, 30]. Studies focused on the cis-to-trans isomerization

also acknowledged the need to consider more degrees of freedom[9, 10, 38]. Here

however, a few degrees of freedom were chosen a priori for the investigations,

and were found to give a reasonable description of the reaction.

The dynamics of azobenzene have been studied with a range of theoretical meth-

ods. The dynamics have been simulated with e.g. surface hopping[7, 10], while

the electronic structure calculations have been performed with e.g. complete

active space self consistent field (CASSCF)[6, 37], complete active space 2nd or-

der perturbation theory (CASPT2)[5] and (time-dependent) density functional

theory ((TD-)DFT)[3, 4, 22]. DFT has proven a very powerful method with

wide applications[39]. It is widely applicable even to large systems[39] and

yields results in good agreement with experiment when calculating electronic

excitation energies[39, 40, 41] in particular, but also when computing other

properties[39, 42]. Unfortunately, TD-DFT often gives questionable results close

to CIs between the ground and first excited singlet state as the ground state is

described by a single Slater determinant. This leads to various problems, e.g.

the rapid variation of the potential energy of response states in this area[43] and

an artificial double cone structure of the CI[3]. It has previously been seen[44, 45]

that by utilizing surface hopping for the dynamics[46] and in addition invoking

forced hops to the ground state, when the potential energy gap between states

decrease below a certain threshold, this problem can be circumvented. In both

previous studies a potential energy threshold of 0.15 eV has been used[44, 45].

Thus, all trajectories have been forced to jump to a new state if the potential

energy difference between the current state of the trajectory and the ground

3



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
ofstate (GS) drops to this threshold or below. Following these forced jumps,

trajectories are no longer allowed to jump, but moves on the GS-PES for the

remainder of the simulation. In the current study we employ the same strategy

and value for the potential energy threshold as in the previous studies[44, 45].

It should be observed that when employing the forced jump approach, one

will underestimate relaxation lifetimes. In addition, the geometry at which a

trajectory jumps from the excited state (ES) to the GS will influence whether

or not isomerization occurs. Thus, the probability of isomerization, and hence

the quantum yield (QY), is affected by fixing an energy gap to force jumps.

By computing the PESs along the CNNC dihedral angle several interesting ob-

servations can be made albeit a deeper understanding of the dynamics naturally

requires further investigations. Considering the relaxed PESs (for the BHHLYP

functional) shown in Fig. 1a, it is observed that while the path is downhill from

the cis-isomer in the S1 ES all the way to the CI, the path from the trans-isomer

is much flatter. For the latter a slight slope downhill is observed from approxi-

mately 180◦ to approximately 105◦, while the slope is slightly uphill on the last

stretch up to the CI geometry, which might indicate a potential energy barrier

that could slow down the reaction. These PESs is found to closely resemble

that obtained by Pederzoli et al[6] using SA3-CASSCF(10,8), those obtained by

Hutcheson et al[47] using coupled cluster (CC3), the ones by Yu et al[32]using

both CASPT2 and TDDFT, as well as the ones obtained by Ye et al [4] using

several different DFT/TDDFT methods.

Investigating Fig. 1a further, one can observe that when forcing the jump at

0.15 eV, the jump from trans-to-cis is expected to happen when the dihedral

angle reaches a value of approximately 105◦, which is nicely beyond the grey

area in which the PESs plotted here cannot be expected to provide a good rep-

resentation of the actual PESs and where problems in the calculations might

arise from being too close to the CI. Indeed, no such convergence problems arise

for the trans-to-cis isomerization. It should also be noted that the jump thus

occurs before the slight upwards slope towards the CI is encountered, and thus

this feature of the ES-PES is not expected to significantly influence the investi-
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Figure 1: a) Calculated PESs along CNNC dihedral angle for S0 using relaxed GS structures

(dashed), S1 using relaxed ES structures (solid) and S0 calculated from relaxed ES structures

(stars). Optimized structures could not be obtained in the grey area due to a too close prox-

imity to the CI. Vertical red lines show the calculated points where the potential energy gap

between S1 and S0 (calculated from ES structures) fall below 0.15 eV, and hence where our

trajectories are not expected to go due to the chosen potential energy gap. The trans-isomer

is shown in the inset on the right, while the cis-isomer is shown in the inset on the left.

b) Average electronic energy evolution of S0 (green) and S1 (cyan), and average potential

energy evolution of the actual trajectory energy (black dots) from reactive cis-to-trans iso-

merization trajectories.

c) Average electronic energy evolution of S0 (green) and S1 (cyan), and average potential

energy evolution of the actual trajectory energy (black dots) from reactive trans-to-cis iso-

merization trajectories.

The arrows in b) and c) show the direction of reaction.
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is found that the jumps are expected to happen when the dihedral angle reaches

approximately 85◦, and thus rather close to the grey area and the CI compared

to the trans-to-cis isomerization. Hence, these results might be expected to

suffer somewhat from the close proximity to the CI, and indeed for some tra-

jectories convergence becomes more cumbersome in this region (see Supporting

Information (SI), section 2.1). Another interesting point to note from Fig. 1a

is that the slope of the ES-PES appears to be steeper on the cis-isomer side

compared to the trans-isomer side of the CI. Thus, once a trajectory reaches

the CI, we would expect that it has picked up more speed and is therefore more

likely to continue in the forward direction after the jump coming from the cis-

isomer side than coming from the trans-isomer side. Hence, the expected QY of

the cis-to-trans isomerization would be expected to be significantly larger than

the QY from the trans-to-cis isomerization, and that is indeed what is observed

both here, in other calculations[3] and in experiment[2].

At each timestep, the average CNNC dihedral angle as well as the average

electronic energy for both GS and ES can be determined from the reactive tra-

jectories. These average electronic energies, as well as the average potential

energy of the reactive trajectories, are shown in Figs. 1b and c as a function of

the corresponding average CNNC dihedral angle.

While the ES and GS electronic energies will of course be simple averages

throughout the entire range, the average of the potential energy of the actual

trajectory cannot be considered as such in the region where the jumps to the

ground state occurs. Here, the average potential energy will in fact also be

an average of the GS and ES energies as not all trajectories jump at the same

time and dihedral angle. We observe that this region is significantly larger for

the trans-to-cis isomerization in Fig. 1c, indicating a larger spread in the jump

angles for this reaction, resulting in a larger spread of the jump times, as can

be observed comparing Figs. 7 and 16.

Comparing the calculated PESs in Fig. 1a to the actual simulated evolution of

the average potential energy (including zero point vibrational energy (ZPVE))

6
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it is observed that the simulation seems to qualitatively follow the ES-PES to-

wards the CI. After the jump, the potential energy is roughly constant until the

CNNC angle reaches 130◦, where it makes a significant drop and then quali-

tatively follows the GS-PES towards the trans-isomer. This very abrupt drop

in energy at 130◦ is particularly interesting, as it indicates that other DOFs

than the CNNC dihedral angle might be necessary to consider in order to fully

describe the reaction.

Considering also the average of the simulated reactive trans-to-cis trajectories

(Fig. 1c), one can recognize that this does indeed also qualitatively follow the

calculated shape of the PESs albeit oscillations occur in the potential energy

due to motion in other degrees of freedom, e.g. the CNN angles. The oscilla-

tions in the potential energy observed are noted to be larger on the cis-side in

accordance with the molecule being in possession of excess kinetic energy after

the jump. This behaviour is also observed for the cis-to-trans trajectory in Fig.

1b, where more oscillations are seen on the trans-side. Observe also that the ES

electronic energy in Figs. 1b and 1c after the point of jump will never be reached

as the trajectories here move on the GS, and thus these are not discussed.

In this study, we shed light on the origin of the slow trans-to-cis isomerization,

showing that it is not a result of a large potential energy barrier in the ES, but

rather of the reaction following slow oscillations in the CNNC dihedral angle.

Furthermore, we show how the cis-to-trans isomerization happens as a result of

motion along at least two degrees of freedom. Finally, we add to the discussion

of the role of the planar CI, which appears inaccessible when applying one DFT

functional, while it appears very important for the non-reactive trans-to-trans

pathway, when another functional is applied.

2. Computational Methods

The non-adiabatic dynamics simulations[48] were run with the SHARC-2.1.1

program package[49] and the required quantum chemistry TD-DFT calcula-

7



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
oftions were performed by the ORCA-4.2.0 program package[50, 51].

For the surface hopping[46], a timestep of 0.5 fs was employed and a potential

energy gap of 0.15 eV was specified for forcing the trajectories to jump from one

surface to another. In order to ascertain that the chosen potential energy gap

gives a sufficiently good description of the molecular dynamics, another smaller

potential energy gap was considered. Here, it was found that the behaviour of

the trajectories were the same, except for a larger QY for the smaller potential

energy gap. This however, is likely to be caused by the closer proximity to

the CI, where the calculations become unreliable, and thus the chosen potential

energy gap was deemed the most suitable. For more information see section 2.1

of the SI.

A recent study of the functional and basis set sensitivity was carried out for the

cis-to-trans isomerization reaction of Azobenzene by Ye et al[4] and their results

as well as our subsequent study of the PESs, have guided our choice of basis set

and functional. Thus we have utilized the BHandHLYP (BHHLYP) functional

and cc-pVDZ basis set in the present study. For more details see section 1 of

the SI.

For both the cis-to-trans and trans-to-cis isomerization 1000 initial conditions

were prepared based on a Wigner distribution at zero kelvin determined by

SHARC python scripts. The 3 lowest lying singlet states (S0, S1 and S2) were

considered in the calculations. Based on calculated excitation energies to the S1

state from the two isomers excitation energies, an upper bound of the excitation

energy of 3.0 eV was chosen for the cis-to-trans isomerization to ensure starting

the trajectories in the S1 state. This resulted in 37 trajectories to be simulated

for 250 fs in accordance with the experimental lifetime. Likewise, an upper

bound of the excitation energy of 4.0 eV was chosen for the trans-to-cis isomer-

ization, giving 38 trajectories to be simulated for up to 2.0 ps corresponding to

the longer lifetime of this reaction. Observe that the S2 state was included in

the simulation to allow for more flexibility, however in the simulations carried

out for this study it was found to play no role in the reaction. Additional details

can be found in section 1 of the SI.

8
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needed by SHARC, as well as for the static PESs of the isomerization reaction

along one or two DOFs. Observe that the CI structures were only possible to

obtain when using the SHARC program interface[52], where gradients and en-

ergies (both potential and kinetic) were calculated by ORCA.

Visualization of the trajectories was done with the VMD-1.9.1-program[53] and

OVITO[54], while vizualizations of the normal modes was done using molden[55].

As a way of verifying that the results obtained at the current level of theory are

sound and that the simulated molecular dynamics are qualitatively accurate, we

investigate the QY and timescale of the reaction. The timescale obtained using

forced jumps might be expected to be too short, and also the QYs might be

more uncertain. As long as a reasonable agreement with previous studies can

be obtained however, the overall dynamics is expected to be unchanged. Due

to the procedure of forcing the jump combined with previous studies indicat-

ing non-exponential dynamics[3, 6], the lifetimes as such are not reported, but

rather the lag times, i.e. the average time before a jump to the ground state

is observed as also seen in Pápai et al[45]. These are considered only for the

reactive trajectories, since the point of interest in this study is the isomerization.

The reactive trajectories are, thus, defined as trajectories that end up in the

ground state of the isomer different from the one in which they began. Likewise,

unreactive trajectories are those that end up in the ground state of the same

isomer as the one in which they began. The QYs are reported as the percentage

of reactive trajectories.

3. Conical Intersections

In addition to investigating the one dimensional PESs along the CNNC dihedral

angle it can also be useful to study some of the key structures of the reaction

namely the cis- and trans-isomer GS structures as well as the CI structures.

In this study, using the BHHLYP functional, no planar CI could be obtained,

and all CI geometry optimizations of the jumping geometries of reactive as well

9
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Figure 2: Structure of the rotated (left) and planar (right) CI. The former structure is from

one of the reactive trans-to-cis trajectories, while the latter is from a non-reactive trans-to-cis

trajectory run with B3LYP (see SI section 3.4), as the planar CI was not observable using

BHHLYP. As can be seen from the SI all optimized CI structures from both reactive and

non-reactive trajectories are very similar using the BHHLYP functional, and thus the shown

rotated structure can be assumed representative.

as non-reactive trajectories for both the cis-to-trans and trans-to-cis isomeriza-

tion resulted in the same rotated CI (see Fig. 2) in agreement with previous

results[8, 37] and as also indicated by the reported jumping geometries of Yue

et al[3], who found the dihedral angle at the time of the jump for the trans-to-

cis isomerization to be around 120◦. This contrasts however to the findings by

Casellas et al[5] and Yu et al[32], who found also a planar CI, which was sug-

gested to play a role for the non-reactive trans-to-cis trajectories. In addition

this planar CI was also found to be of importance when employing the B3LYP

functional rather than the BHHLYP functional (see SI, section 3.4). The CI

determined in this study is in good agreement with the reported rotated CI

found in other studies[3, 5, 6].

The average structure of the rotated CI is in addition presented in Table 1

along with the structures of the GS of the two isomers for some key geomet-

rical parameters. From this table, we observe that while the CNNC dihedral

angle and to some extent also the CNN angles and CN bond lengths change

significantly upon going from the relaxed GS structure of either isomer to the

CI structure, the remaining degrees of freedom change only very little, and we

would not expect these to play a major role in the reaction. However, as we

shall see, this is not the case for the CCN angle between N of the azo-bond and

10
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Theory Exp.[56] Theory Theory Exp.[57]

Dihedral angle (C1N1N2C7) 7.538◦ 8.0◦ 92.371◦ 179.998◦ 180.0◦ a

Angle (C4C1N1) 173.943◦ − 177.689◦ 175.449◦ −
Angle (C10C7N2) 173.943◦ − 177.677◦ 175.450◦ −
Angle (C1N1N2) 123.712◦ 121.9◦ 119.613◦ 115.179◦ 114.1◦

Angle (C7N2N1) 123.712◦ 121.9◦ 137.142◦ 115.179◦ 114.1◦

Bond length (N1N2) 1.229 Å 1.253 Å 1.247 Å 1.235 Å 1.259 Å

Bond length (C1N1) 1.429 Å 1.449 Å 1.393 Å 1.414 Å 1.428 Å

Bond length (C7N2) 1.429 Å 1.449 Å 1.347 Å 1.414 Å 1.428 Å

Table 1: Geometry of GS cis and trans geometries as well as average optimized CI from

jumping geometries of all trajectories for which the rotated CI is obtained.

a Coplanarity of C1N1N2C7 assumed.

the nearest and para C’s of the benzene ring (See Fig. 3).

Considering now the jumping geometries we investigate Fig. 4. Firstly, it is

noted that the predictions made about the CNNC dihedral angle at the time

of jump based on Fig. 1a is in good agreement with the results observed in

Fig. 4. Here, it is evident that only very few cis-to-trans trajectories and no

trans-to-cis trajectories enter the grey area of Fig. 1a. It is observed that while

most of the trajectories do jump at CNNC dihedral angles close to that of the

Figure 3: The CNNC dihedral angle (red) and CCN angle (orange) marked on the structure

of both the cis- (left) and trans-isomer (right). Relevant atom labels are depicted in black.
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Figure 4: Jumping geometries of the cis-to-trans (+) and trans-to-cis (dots) trajectories.

Reactive trajectories are shown as green, while non-reactive are shown in magenta. The

average optimized CI structure is shown as a black X. The grey area shows the region in which

the CNNC angle is too close to the CI structure for optimized structures to be obtained. It

is the same region as shown in Fig. 1a.

rotated CI, a few of the non-reactive trans-to-cis trajectories appear to jump at

a significantly larger dihedral angle. This might be indicative of these trajec-

tories moving towards the predicted planar CI. In the study by Yu et al[37] it

was found that 45.4% of the non-reactive trajectories do go through a planar

CI (see Fig. 2), with a dihedral angle of 180◦[37]. This other planar CI has

also been reported by other studies[3, 5], however it was remarked by Casellas

et al[5] that the path towards the rotated CI would be preferred for systems

without constrained rotation. By attempting to optimize a CI structure of a

geometry very close to the reported planar CI, the rotated CI was once again

obtained (see SI, Table 13).

Also note from Fig. 4 that the cis-to-trans trajectories jump at a significantly

lower CCN angle than the trans-to-cis trajectories, indicating that this degree

of freedom plays a role in the cis-to-trans isomerization.

4. Cis-to-trans isomerization

12
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Figure 5: All non-reactive trajectories from cis Azobenzene illustrated by the evolution of

the dihedral angle over time. Time of jump is indicated by the vertical lines. Each color

represents one trajectory. The thick black line represents the average trajectory, while the

horizontal red line shows the value of the CNNC dihedral angle of the minimum potential

energy GS structure of the cis-isomer. Note that the values of the CNNC dihedral angle along

the trajectories are reported only in the interval 0-180◦ (due to symmetry) and, therefore,

that the average trajectory eventually oscillates around a larger positive value for the CNNC

dihedral angle instead of the GS equilibrium value of the cis isomer.

4.1. QY and lag time

For the cis-to-trans isomerization, the calculation yielded 21 reactive (see Fig. 6)

and 16 non-reactive (see Fig. 5) trajectories. Thus a QY of 57% was obtained

in good agreement with previous calculations (10%-63%[4], 34%-65%[3] and

45%-68%[6]) and experiment (41%-56%)[2].

The time of jump for reactive trajectories was also considered (see Fig. 7) and

found to be 19.5 fs - 33 fs, yielding a lag time of 27.33 fs, in reasonably good

agreement with previously calculated lifetimes using the TDDFT method (52.7

fs-63.1 fs[3] and 33.9-63fs[4]) and CAS-methods (53.1 fs-67 fs[3] and 60-67[6]),

but significantly smaller than the experimental value (100-170fs)[2]. The lag

time predicted from an S-curve and the lifetime of an exponential decay are

13
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Figure 6: All reactive trajectories from cis Azobenzene illustrated by the evolution of the

absolute value of the dihedral angle over time. Time of jump is indicated by the vertical lines.

Each color represents one trajectory. The thick black line represents the average trajectory,

while the horizontal red line shows the value of the CNNC dihedral angle at the minimum

potential energy GS structure of the trans-isomer. Note that the values of the CNNC dihedral

angle along the trajectories are reported only in the interval 0-180◦ (due to symmetry) and,

therefore, that the average trajectory always stay at a value for the CNNC dihedral angle

below 180◦.
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Figure 7: Time of jump for all reactive trajectories. Each point signifies the jumping time of

one reactive trajectory. Observe that the point at t=0.0 has been added.

assumed to be comparable as both should give an indication of the time it takes

half the molecules to jump. The shorter lag of our calculation can partly be

attributed to the method as can be seen from lifetimes of approximately 35 fs

being obtained for similar calculations[4]. Also, the TDDFT ES-PES[4] seems to

be a little more steep going from the cis-geometry to the CI compared to the ES-

PES calculated using CASSCF[5, 6]. Another factor, that will shorten the lag

time compared to experimental and CASSCF lifetimes is the forcing of the jump.

It should also be emphasised that our calculation shows ballistic dynamics rather

than exponential, which might also be the cause of the discrepancy with the

experimental lifetime. We do however note that such non-exponential decays are

not only observed in TDDFT calculations but also in CASSCF simulations[6].

Hence, the simulation is deemed to describe the dynamics of the reaction to a

satisfactory degree.

4.2. Normal mode analysis

It can be observed from Fig. 6 that while the jump to the trans GS happens

after approximately 25 fs, it is only after 150 fs that the trajectories reach the

equilibrium value of the dihedral angle for the trans-isomer. Indeed it seems the
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This feature is also observable in other TDDFT studies[3, 9, 10] and a recently

published SA-CASSCF study[34], however it is not further investigated in either

of these studies. Thus, it would appear that there might be other degrees of

freedom at play than the CNNC dihedral angle traditionally investigated, as

also mentioned by Böckmann et al[9, 10, 11].

Rather than investigating certain DOFs related to important atoms or relevant

for a certain mechanism, we now investigate which of all the DOFs are the

most dominant. This is done by performing a normal mode analysis. As the

molecule before the jump resembles the cis-isomer the most, the first 25 fs of

the reaction were considered in relation to the normal modes of this isomer.

Likewise, during the latter part of the reaction starting from 50 fs (were the

CNNC dihedral angle is above 90◦ and the molecule thus can be considered to

move on the trans-isomer GS) the molecule resembles the trans-isomer. Hence,

this part of the reaction was considered in relation to the trans-isomer normal

modes.

By visualizing the activity of the relevant normal modes (see SI for movies of

trans-isomer normal modes 2 and 5), Fig. 8 was obtained. From here it can

be seen that the most active modes during the first 25 fs of the reaction are

modes 1-3. The remaining modes are however, also quite active, and thus while

the first three normal modes might give a good indication of the important

geometrical parameters, they are not expected to fully describe the dynamics

on the ES. Considering instead the time following the jump and until the trans-

isomer equilibrium structure is reached, it is clear that two trans-isomer normal

modes 2 and 5 are significantly more active than the rest. Indeed, the remaining

normal modes seem to show very little activity. Hence, these two normal modes

are expected to be good DOFs along which to describe the reaction at least

after the jump to the GS. Modes 2 and 5 can be related to the CNNC dihedral

angle and the CCN angle as can be seen in section 4.3. For further analysis of

modes 2 and 5, see also the SI, section 2.2.2. That the reaction is well described

by these two modes can also be seen in Fig. 9, where a smooth path towards
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Figure 8: The normal mode activity of reactive trajectories (top) between 0 fs and 25 fs for

each of the cis-isomer normal modes and (bottom) between 50 fs and 150 fs for each of the

trans-isomer normal modes.

the energy minimum is observed for the trajectory. The path does not appear

to be the steepest possible downhill path, however this is hardly surprising

considering the large kinetic energy available to the trajectories following the

jump. The oscillations of the modes at longer timescales, caused by the kinetic

energy available to the molecule, are evident from the top right corner of the

figure, where the trajectory appears to begin to move uphill in potential energy.

Observe that the unrelaxed 2D GS-PES in Fig. 9 is only meaningful close to the

minimum, and hence only a small part is shown to indicate the position of this

minimum. At larger displacements along only these normal modes, the structure

becomes highly distorted, which allows very large (unphysical) potential energies

to be reached. This indicates that relaxation to some extent does of course occur

in many degrees of freedom and not solely along the two considered here.

4.3. Relating the normal modes to angles

Based on visualizations of relevant normal modes, as well as reactive trajec-

tories, structural parameters were determined for further investigation. The
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Figure 9: Plot of a reactive trajectory along the trans-isomer normal modes 2 and 5. Normal

mode 2 can be considered as oscillations in the CNNC and to some extent also the CCN

angles, while normal mode 5 only shows oscillations in the CCN angles. The large black X

marks the equilibrium structure and around this point the unrelaxed 2D-GS-PES is shown in

an area, in which this unrelaxed calculation can be expected to give a reasonable description

of the PES. The three black arrows show the time at the indicated points.
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of the normal modes of interest in 10 steps in either direction (+/-). For each

resulting structure the structural parameters of interest were determined. It

could thus be determined which parameters were affected by the given normal

mode.

Visualizing the relevant cis-isomer modes shows that they all correspond to dif-

ferent twisting of the benzene rings. If their effect on structural parameters as

those presented in table 1 are determined, it turns out, that only mode 3, which

appears to be the least active of the three, changes the CNNC angle, while all

three modes to some extent affects the CCN angle. This might be an indication,

that the CCN angle should be considered, when investigating the cis-to-trans

isomerization. However, as the activity plot in Fig. 8 (top) shows that practi-

cally all cis-modes to some extent are active prior to the jump, this needs to be

investigated further. By considering the trans-isomer modes in Fig. 8 (bottom),

very few modes are observed to be active after the jump. It is found, that the

trans-isomer mode 2 is simply an out of plane bend of the CNNC angle, while

the trans-isomer mode 5 is more of an in plane twist of the benzene rings. Both

modes are observed to change the CCN angle, albeit the change is very small

in mode 2. Only mode 2 changes the CNNC angle. Firstly, it can be observed

from Fig. 10 that the CCN angles rather surprisingly decrease during the first

approximately 50 fs, despite the optimized geometries for both isomers as well

as the CI indicating that no change should be observed in this angle. Consider-

ing the most active cis-isomer normal modes before the jump however, they all

give rise to a change in this angle, explaining this initial behaviour. Thus, our

findings show that simply considering optimized geometries along the reaction

path is not sufficient, when attempting to describe the full dynamics.

After the first 50 fs, the CCN angles are observed to increase from approxi-

mately 140◦ to 180◦ during the time, where the dihedral angle seems settled

around 130◦. Considering mode 5 in more detail, its frequency is found to

correspond to an oscillation period of approximately 150 fs corresponding well

with the timescale on which the CCN angle oscillates, underlining the impor-
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(a) Evolution of the CCN angle (b) Evolution of the NCC angle

Figure 10: All reactive trajectories from cis Azobenzene illustrated by CCN (10a) and NCC

(10b) angles between the two carbons at the ends of the benzene ring and the closest nitrogen

of the azo-group over time. Time of jump is indicated by the vertical lines. Each color

represents one trajectory, while the thick black line represents the average trajectory. The

horizontal red line shows the value of the CCN angle at the minimum potential energy GS

trans-isomer structure.

tance of these angles. Hence, the settling of the CNNC angle at a value below

the equilibrium value as observed in Fig. 6 is ascribed to the distortion of the

CCN angles, which must be relaxed sufficiently, before the CNNC angle can

reach its equilibrium. As both the trans-isomer mode 2 and cis-isomer mode

3 appear to change both the CNNC and the CCN angles these DOFs must be

considered coupled. Hence, once the reaction starts the cis-normal mode 3 is

activated, which changes both the CNNC dihedral angle and distorts the CCN

angle. After the jump to the trans-isomer ground state, the distortion along

normal modes related to these angles, i.e. trans-isomer modes 2 and 5, will be

very large causing a significant gradient and thus movement along these modes.

As the displacement along normal mode 5 is larger than along mode 2, the ini-

tial movement after the jump will primarily be along this mode, thus hindering

the motion along the mode related to the CNNC dihedral angle (normal mode

2), until the distortion along the two modes becomes comparable.

As what appears to be the most relevant normal modes, are strongly related to

the CNNC dihedral angle and the CCN angles, it would be natural to attempt

to describe the reaction along those two DOFs instead. If we simply consider

the trajectories along these two angles, we obtain Fig. 11. From this figure it
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Figure 11: Evolution of the CNNC angle vs the CCN angle of all reactive trajectories. Each

color represents one trajectory. The thick black line represents the average trajectory.

is evident that all trajectories behave in the same way along these two degrees

of freedom, and any trajectory can thus be considered representative for the

reaction. We thus investigate how a reactive trajectory moves superimposed

on a relaxed GS-PES computed along the CCN and CNNC angles in Fig. 12.

Firstly, it is noted from Fig. 12 that the differences in potential energies of

the reactive trajectory at the points indicated by arrows are significantly larger

than what would be expected from the underlying relaxed GS-PES. The GS-

PES indicates a change of at most 0.5 eV, while a change of more than 1 eV

is observed between the two arrows in the middle. This indicates that the re-

laxed GS-PES in these two degrees of freedom is not sufficient to explain the

behaviour of the trajectories. In addition it is observed that, on this GS-PES,

the initial movement of the trajectories are not along the steepest downhill slope

towards the equilibrium structure. In fact, the trajectory appears to move with

roughly constant potential energy. To investigate if this is caused by a potential
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Figure 12: 2D relaxed GS-PES along CNNC dihedral angle and the CCN angle (the corre-

sponding NCC angle has been allowed to relax) overlaid with reactive cis-to-trans trajectories.

The energies of the trajectory is observed to be much higher than those of the underlying PES,

indicating a highly distorted molecular structure and hence, that the reaction cannot simply

be considered along the CNNC and CCN angles, while all other DOFs relax. The black arrows

show the potential energy of the reactive trajectory (solid red line) at the points indicated.

The corresponding MEP (dotted red line) and trajectories starting with zero velocity (dashed

red line) from the structure of the reactive trajectory directly following the forced jump to

the GS is also shown.
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the forced jump with zero initial velocity. This trajectory however is found to

move in the same way as the original trajectory and thus it appears that it

is not an energy barrier at this point that hinders the most direct movement

towards the equilibrium structure. A minimum energy path (MEP) was also

computed on the full-dimensional GS-PES from the structure directly following

the forced jump and evidently shows the same movement trends in the CCN and

CNNC angles as the other trajectories plotted. However, the MEP is observed

to be significantly smoother than the trajectories that allow kinetic energy to be

picked up along the path, which would allow for movement also towards areas

of larger potential energy.

The observed behaviour indicates that the molecule needs to rearrange most

likely due to a significant strain along these DOFs, before the equilibrium struc-

ture can be reached. This finding is in good agreement with the previously

proposed twist mechanism[9, 10], which does indeed consist in a change of the

CNNC dihedral angle followed by rearrangement of the benzene rings. To inves-

tigate this further, the 1D relaxed GS-PES along the CNNC angle is considered.

From Fig. 13 it is evident that the potential energy of the MEP and actual tra-

jectory is initially much higher than for the relaxed structures. This however can

be explained by the starting point of the calculation, which is a highly distorted

structure compared to the 2D relaxed GS-PES. The main point of interest to

note however, is that the slope of the MEP curve is much steeper than any of

the relaxed curves indicating other degrees of freedom at play. This can also be

seen from the actual trajectory, which shows an initial drop in potential energy,

only to then use the gained kinetic energy to move towards an area of higher

potential energy. This gain in kinetic energy also explains the many twists of

the trajectory on the 2D relaxed GS-PES and indeed from Fig. 12 the MEP

is observed to move rather smoothly towards the minimum potential energy

point after the initial detour. This detour however cannot be explained by the

1D relaxed GS-PES. While the MEP does not move uphill in potential energy

on the 2D relaxed GS-PES, it does not take the most direct route towards the
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Figure 13: Potential energy vs CNNC angle on the trans-isomer side of the 1D-PES. The

potential energy found by a relaxed energy scan is shown in blue for the GS (dotted) and for

the GS potential energies computed from relaxed ES structures (stars). The green line repre-

sents the MEP of a (representative) reactive trajectory starting from the structure obtained

shortly after the jump to the GS. The red line shows the actual potential energy of that same

trajectory during simulation as also shown in Fig. 12. The potential energy equal to zero here

corresponds to the energy of the equilibrium structure of the cis-isomer in the GS.
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the reaction, they do not provide as full a picture of the reaction after the time

of jump as the two trans-isomer normal modes. In addition, allowing the re-

maining DOFs to relax, while changing the CNNC anc CCN angles was shown

in Fig. 12 to produce a wrong description of the process, and thus we cannot

study this reaction by a few static electronic structure calculations, but rather

we need to simulate the actual dynamics in order to explain the isomerization,

since the molecule during reaction appears to be very far from relaxed.

5. Trans-to-cis isomerization

5.1. QY and lag time

We now turn our attention to the slower trans-to-cis isomerization.

From Fig. 1 a significantly lower QY of the trans-to-cis isomerization compared

to that of the cis-to-trans isomerization was anticipated. Indeed, of the 38

simulated trajectories, 33 were non-reactive (See Fig. 15 and for further details

section 3.2 in the SI), while 5 were reactive (See Fig. 14). This gives a QY of

approximately 13.2%, which is in reasonable agreement with experiment (23%-

35%)[2] and other simulations (11%-33%)[3] although on the low side.

Considering the jump times of the trans-to-cis reaction (0.655 ps - 1.02 ps),

a lag time of 0.84 ps is obtained (See Fig. 16), in good agreement with the

experimental lifetime(0.9 ps - 1.4 ps)[2]. This comparison has already been

justified above. That the lag time is shorter than the experimentally determined

lifetime is expected as the jump is forced.

In addition to the reasonable agreement with experiment, we observe that the

reactive trajectories are very consistent in their behaviour. Hence, despite the

small number of trajectories investigated, the simulation can be expected to

offer a representative description of the reactive reaction path, thus allowing us

to gain insights into the dynamics.

The non-reactive trajectories are observed to behave less consistently than
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Figure 14: Time evolution of the CNNC dihedral angle of all reactive trajectories starting from

trans-azobenzene. Vertical lines indicate jump times.Each color represents one trajectory. The

horizontal red line shows the value of the CNNC dihedral angle at the minimum potential

energy GS structure of the cis-isomer. The thick black curve shows the average reactive

trajectory. Note that the values of the CNNC dihedral angle along the trajectories are reported

only in the interval 0-180◦ (due to symmetry) and, therefore, that the average trajectory

eventually oscillates around a larger positive value for the CNNC dihedral angle instead of

the GS equilibrium value of the cis isomer.
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Figure 15: Time evolution of the CNNC dihedral angle of all non-reactive trajectories starting

from trans-azobenzene. Vertical lines indicate jump times. Each color represents one trajec-

tory. The horizontal red line shows the value of the CNNC dihedral angle at the minimum

potential energy GS structure of the trans-isomer. The thick black curve shows the average

non-reactive trajectory. Note that the values of the CNNC dihedral angle along the trajec-

tories are reported only in the interval 0-180◦ (due to symmetry) and, therefore, that the

average trajectory always stay at a value for the CNNC dihedral angle below 180◦.
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Figure 16: Plot of jump times of the trans-to-cis isomerization. Each point represents the

jump time of one reactive trajectory. Observe that the point at t=0.0 has been added.

the reactive ones with respect to the value of the CNNC angle at the time of

jump. Here, a wide range of different values are observed, as can be seen from

Fig. 15. As the non-reactive trajectories are not the main point of interest here,

this will not be investigated or discussed further.

5.2. Explaining the longer timescale

In order to investigate the reason for the long lifetime of the trans-to-cis

isomerization one might investigate the evolution of the often reported CNN

angles over time, however as seen in Fig. 13 of the SI, no obvious indication of

the relaxation of the CNN angles being a driving force can be seen.

Observing closely the evolution of the CNNC dihedral angle of the reactive

trajectories in Fig. 14 prior to the jump to the ground state one can see a

fairly smooth decrease in the CNNC dihedral angle over time. Indeed, if one

considers an average reactive trajectory before the jump, one can fit a cosine

function to this average, as seen in Fig. 17. The fit is reasonable good and

would correspond to an ES oscillation half-period from the trans- (180◦) to

the cis-isomer (ca. 0◦) of approximately 2.4 ps. A quarter period (1.2 ps) thus

corresponds to the reaction time, i.e. the time it takes to reach the CI at a CNNC
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Figure 17: Time evolution of the CNNC dihedral angle of an average of the reactive trans-to-

cis trajectories (blue curve) fitted to a cosine function, θCNNC = 90◦ + 88◦ cos
(

2π
4833 fs

· t
)

(red curve). The evolution of the fit up to the point where a dihedral angle of approximately

zero degrees (cis-isomer) is shown.

dihedral angle of approximately 90◦. This reaction time is in good agreement

with the experimentally determined lifetime of the reaction (0.9 ps-1.4 ps)[2].

The smoothness of the curve prior to the jump indicates that no potential energy

barrier is present during the simulation as also expected from the 1D-ES-PES

in Fig. 1a, when the forced jump is taken into account, and thus this cannot

be the cause of the longer timescale. In addition, the good agreement between

the oscillation period of the fitted cosine curve and the experimental lifetime

indicates that the longer timescale of the trans-to-cis isomerization is simply a

result of a slow (quarter of an) oscillation of the CNNC dihedral angle in the

ES.

6. Conclusion

Simulations of the isomerization of Azobenzene have been carried out utilizing

the procedure of forced jumps within the surface hopping framework in order to
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of the CI between the GS and first excited state.

The simulations for both the cis-to-trans and trans-to-cis isomerization showed

results of QY and lag times in reasonable agreement with previous studies and

experiment. In addition, the trajectories of the same type all seemed to behave

in the same way with the exception of the non-reactive trans-to-cis trajecto-

ries, which showed a wider range of jumping values for the CNNC angle. It

has therefore been concluded that the investigated reactive trajectories give a

sufficiently representative description of the structural evolution of the molecule

during the photoisomerization.

It was found that the cis-to-trans isomerization occurs as a result of movement

along two normal modes, rather than simply along the CNNC dihedral angle,

which is the most common description. While the first normal mode is largely

responsible for the change in the dihedral angle both modes also influence the

CCN angle between the benzene ring and the azobond, and the change in this

angle appears to halt the change in the dihedral angle. It was found that while

these two angles seem to be the most important in the reaction other degrees

of freedom might also be needed in describing the reaction in such a coordinate

system, as the description here did not appear as adequate as the one offered

by considering the reaction along the two normal modes. Our observations

for the cis-to-trans isomerization corroborate the previously proposed two-step

twist mechanism. In contrast to the cis-to-trans isomerization, the trans-to-cis

isomerization seems to happen in one smooth step albeit a slow one. The iso-

merization appears to simply be a result of slow excited-state oscillations in the

CNNC dihedral angle, without the impediment of a significant potential energy

barrier.

Finally, the importance of the previously reported planar CI was investigated

and, while more studies will be required, it appears that the significance of this

CI is not only geometry dependent as suggested in other studies, but is also

strongly influenced by the choice of functional.
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[10] M. Böckmann, N. L. Doltsinis, D. Marx, Nonadiabatic hybrid quantum

and molecular mechanic simulations of azobenzene photoswitching in bulk

liquid environment, J. Phys. Chem. A 114 (2) (2010) 745–754. arXiv:

https://doi.org/10.1021/jp910103b, doi:10.1021/jp910103b.

URL https://doi.org/10.1021/jp910103b
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Highlights
 The cis-trans reaction couples two modes related to the CNNC and CCN angles
 The trans-cis isomerization is well described along a single mode: The CNNC angle
 The trans-cis isomerization follows the slow oscillations in the CNNC dihedral angle
 The reaction is observed to follow ballistic dynamics rather than exponential
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