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Figure 1: The FK-11 peptide in the α-helix (left) and random-coil (right) conformations. In the QM/MM com-
putations, the QM region consists of the azobenzene cross-linker, while the MM region is comprised of all the
other atoms (residues and water). Also shown is the sequence of the FK-11 peptide.

1 Computational Methods

1.1 Diabatic Surface-Hopping Method

In this work we adopt the diabatic surface-hopping method to simulate the initial cis-trans and trans-cis pho-

toisomerization processes of the azobenzene cross-linked FK-11 peptide (Fig. 1). Robb and coworkers [1–3]

proposed this method to model nonadiabatic transitions near conical intersections. In this approach, two con-

ditions must be satisfied for a hop to occur from an upper to a lower state: (1) the energy difference between

these two states must be less than a predefined threshold (T1=10 kcal/mol presently); (2) the system must

pass a conical intersection. The energy difference can be easily calculated using available electronic structure

packages that support excited-state calculations; however, judging whether the system is passing a conical

intersection is more involved. Here we adopt a simple scheme that is specified in the following using an S1−S0

surface hop as an example. Ci(1) and Ci(0) refer to the state vectors of S1 and S0 at MD step i; whereas Ci−1(1)

and Ci−1(0) represent the state vectors of S1 and S0 at MD step i-1. If the system is passing a conical intersec-

tion from step i-1 to i, both Ci(1)*Ci−1(1) and Ci(0)*Ci−1(0) should be smaller than a predefined threshold (T2 <

0.5 presently); and both Ci(0)*Ci−1(1) and Ci(1)*Ci−1(0) should be larger (T3 > 0.5 presently).

1.2 System Setup

Initial structures of the azobenzene cross-linker in the cis and trans forms and of the FK-11 peptide in the

α-helix and random-coil conformations were constructed using the PYMOL package. [4] The azobenzene

cross-linker was then manually attached to the two cysteine residues of the peptide in the α-helix and random-
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Figure 2: Solvated (left) trans-helix and (right) cis-coil systems. See text for the details of system setup.

coil conformations. Finally, the two systems were solvated in cubic water boxes of 60 and 53 Å diameter,

respectively (Fig. 2).

1.3 QM/MM Method

All QM/MM computations [5, 6] were carried out using GROMACS4.5 [7] interfaced to GAUSSIAN03. [8] The

QM subsystem comprised the azobenzene cross-linker (38 atoms), while the MM subsystem was composed of

all peptide residues and water molecules (22269 and 14982 atoms for the α-helix and random-coil peptide, re-

spectively). The QM subsystem was described using the complete active space self-consistent field (CASSCF)

method. As a compromise between computational efficiency and accuracy, we adopted in all CASSCF compu-

tations an active space of six electrons distributed over four orbitals and an economic 3-21G* basis set. [9, 10]

These choices for the active space and the basis set had been validated and applied in previous ab initio

nonadiabatic dynamics simulations of azobenzene in solution. [11–13] The MM subsystem was represented

using the AMBER03 force field (peptide residues) [14] and the SPC water model. [15] The QM-MM boundary

was treated by the hydrogen link-atom scheme. [16] The QM-MM electrostatic interactions were handled by

the electronic embedding scheme. [17] The QM-MM van der Waals interactions were computed as pairwise

Lennard-Jones interactions, [18] with a cutoff of 10 Å. Periodic boundary conditions were applied; the MM-MM

electrostatic interactions were evaluated using the fourth-order particle-mesh Ewald (PME) algorithm [19] and

a grid spacing of 1.0 Å. Fig. 1 illustrates the QM/MM partition in our QM/MM calculations.

1.4 Benchmark of the CASSCF Method

Full-dimensional ab initio nonadiabatic dynamics simulations are very expensive, in particular at the QM/MM

level when including tens of thousands of MM atoms; thus, we must adopt a compromise between compu-
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Figure 3: Active spaces used in the (top) CASSCF(10,8) and (bottom) CASSCF(6,4) calculations, respectively.
Each active space includes both lone-pair orbitals from the two N atoms.

Figure 4: Overlay of the CASSCF(6,4)/3-21G* and CASSCF(10,8)/6-31G* optimized S1 structures with the
CNNC dihedral angle constrained to 180◦, 90◦, and 0◦, respectively.

tational efficiency and accuracy. In the present work, we use CASSCF calculations with an active space

of six electrons distributed over four orbitals and an economic 3-21G* basis set. [9, 10] This computational

protocol has been validated and applied in previous ab initio nonadiabatic dynamics simulations of azoben-

zene in solution, which demonstrated that it is reasonably accurate. [12, 13] Specifically, it was shown for

azobenzene that this level of theory provides accurate structures for the S0 and S1 minima and the S1/S0

conical intersections, which are close to those obtained by the CASSCF(10,8)/6-31G* method (see Support-

ing Information in ref. [13]) as well as reasonably accurate energies compared with those computed at the

CASPT2//CASSCF(10,8)/6-31G* level (see the second paragraph of the “Results and Discussion” section of

ref. [13]).

The topology of the ground-state and excited-state potential energy surfaces plays a key role in full-

dimensional dynamics simulations. To further validate the chosen CASSCF approach, we have computed

the S1 minimum-energy photoisomerization paths by constrained optimization at the CASSCF(6,4)/3-21G*
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Figure 5: Energy profiles along the photoisomerization paths of azobenzene (relaxed S1 in red and unrelaxed
S0 in green) obtained from optimizations using (top-left) CASSCF(6,4)/3-21G* and (top-right) CASSCF(10,8)/6-
31G* and from corresponding single-point calculations using (bottom-left) MS-CASPT2(6,4)/3-21G* and
(bottom-right) MS-CASPT2(10,8)/6-31G*. In each case, the S0 minimum energy at 1800 is chosen as ref-
erence point.
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and CASSCF(10,8)/6-31G* levels. Furthermore, we have refined the predicted energies through single-point

MS-CASPT2(6,4)/3-21G* and MS-CASPT2(10,8)/6-31G* calculations, respectively. Fig. 3 shows the chosen

active spaces for the CASSCF(6,4)/3-21G* and CASSCF(10,8)/6-31G* computations. In both cases, they in-

clude the two lone-pair orbitals at the two nitrogen atoms because our target S1 state is of nπ character, as

shown in many previous theoretical studies. [20–28] All other orbitals are of π or π∗ character.

Fig. 5 collects the S1 energy profiles along the photoisomerization paths of azobenzene computed at

the CASSCF(6,4)/3-21G*, CASSCF(10,8)/6-31G*, MS-CASPT2(6,4)/3-21G*, and MS-CASPT2(10,8)/6-31G*

methods, along with the corresponding unrelaxed S0 energy profiles. It is evident that the topology of the two

CASSCF-based profiles is essentially the same (top panel) indicating that the extension of the active space and

basis set has very little effect on the relative energies; specifically, the S1 energies from CASSCF(6,4)/3-21G*

are consistently slightly lower than those from CASSCF(10,8)/6-31G* (by 2-3 kcal/mol). The overall shape of

the energy profiles from the single-point MS-CASPT2 calculations (bottom panel) is qualitatively similar to that

of their CASSCF-based counterparts, with a general downward shift by about 8 kcal/mol (which does not affect

the overall topology). We have also checked the CASSCF(6,4)/3-21G* and CASSCF(10,8)/6-31G* optimized

S1 geometries along the S1 photoisomerization paths: both approaches give essentially the same structures,

as demonstrated in Fig. 4 for three examples (CNNC dihedral angle constrained to 180◦, 90◦, and 0◦).

In summary, the quoted previous and the present benchmarks show that the economic CASSCF(6,4)/3-

21G* approach gives a reasonably accurate description of the photoisomerization of azobenzene, which vali-

dates its use in nonadiabatic dynamics simulations.

1.5 QM/MM Dynamics

Each prepared system was first energy-minimized and then subjected to a 3 ps ground-state equilibrium dy-

namics simulation. Initial conditions for the subsequent QM/MM diabatic surface-hopping dynamics simulations

were randomly sampled from this trajectory. In the present study, we performed 20 and 14 runs to model the cis-

trans and trans-cis photoisomerization processes of the azobenzene cross-linked FK-11 peptide. The required

energies, gradients, and state vectors were computed “on the fly” at the QM/MM level. Nuclear coordinates

were integrated using the velocity Verlet algorithm with a time step of 2 fs. [29] All MM bond lengths involv-

ing hydrogen atoms were constrained using the LINCS algorithm. [30] The QM/MM diabatic surface-hopping

trajectories were terminated 200 fs after the system had hopped to the S0 state.

1.6 MM Molecular Dynamics

Classical MD simulations were employed to explore the photoinduced folding and unfolding dynamics of the

azobenzene cross-linked FK-11 peptide. In order to analyze the effects of the initial photoisomerization on

the dynamics, initial conditions for these classical MD simulations (i.e. atomic coordinates and velocities)

were randomly sampled from the QM/MM trajectories that had successfully completed the cis-trans or trans-

cis photoisomerization and had decayed to the S0 state. Specifically, 70 and 46 trajectories were extracted
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for the cis-trans induced folding dynamics and the trans-cis induced unfolding dynamics, respectively. The

AMBER03 force field [14] and the SPC model [15] were employed to describe the peptide residues and the

water molecules. The azobenzene cross-linker was modeled based on the force field proposed by Böckmann

and coworkers. [31]

In the classical MD simulations, all bond lengths involving hydrogen atoms were constrained using the

LINCS algorithm; [30] the temperature was kept at 300 K using the Berendsen thermostat; [32] and the velocity

Verlet algorithm was used to integrate the nuclear equations of motion with a 2 fs time step. [29] All MD

simulations and analyses were carried out using the GROMACS4.5 package. [7]

2 Hopping Times and Energy Gaps at Hopping Points

Table 1 collects S1 → S0 hopping times and S1-S0 energy gaps at all hopping points, and specifies the final

azobenzene conformation in all nonadiabatic dynamics trajectories. We find that 11 of 20 (55%) cis-coil trajec-

tories evolve into the trans-isomer of azobenzene, while 6 of 14 (43%) trans-helix trajectories evolve into the

cis-isomer. On the basis of these results, we estimate the cis-trans and trans-cis quantum yields to be 0.55

and 0.43; given the small number of trajectories, these values are admittedly only crude estimates with large

statistical uncertainties.

The average S1 → S0 hopping time (69 fs) in the trajectories starting from the cis-coil conformation is much

shorter than that in the trajectories starting from the trans-helix conformation (621 fs). This trend is consistent

with available experimental and theoretical studies in vacuo or in solution, [26, 27, 33, 34] but the difference

between the average hopping times is larger in the present case.

The S1/S0 energy gaps at the hopping points are mostly in the range between 1 and 5 kcal/mol (average

value: 3.0 kcal/mol) indicating that the internal conversion occurs close to the conical intersection seam.

Table 1: Hopping time (fs), S1/S0 energy gap at the hopping point (kcal/mol), and final conformation of azoben-
zene linker as obtained from QM/MM nonadiabatic dynamics trajectories; runs 1-20 (21-34) start from the
cis-isomer (trans-isomer) of azobenzene.

run time gap result run time gap result
1 38 4.8 trans 18 120 2.1 trans
2 58 2.1 trans 19 138 4.2 trans
3 170 1.5 trans 20 71 3.4 trans
4 75 5.9 cis 21 1117 2.8 trans
5 82 2.6 trans 22 296 3.1 trans
6 53 2.6 cis 23 1196 1.3 trans
7 65 2.6 cis 24 849 1.8 trans
8 71 3.2 cis 25 929 1.1 cis
9 43 2.4 trans 26 411 3.7 cis

10 63 2.4 trans 27 683 2.8 trans
11 40 4.3 trans 28 420 1.0 trans
12 39 1.9 cis 29 494 3.2 cis
13 25 5.8 trans 30 450 2.1 cis
14 70 2.2 cis 31 356 1.9 trans
15 42 2.3 cis 32 382 3.2 cis
16 108 8.6 cis 33 332 2.7 trans
17 72 2.7 cis 34 775 1.7 cis
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Figure 6: Time-dependent geometric parameters in two typical trajectories illustrating nonadiabatic cis-trans
(a) and trans-cis (b) photoisomerizations. Further trajectories are shown in Section 4.

3 Two Typical Trajectories

In this section, we discuss two typical photoisomerization trajectories in some detail. The other trajectories are

shown in Section 4 without further explanation.

Panel a of Fig. 6 shows the time-dependent evolution of five key geometric parameters in a typical trajectory

for cis-trans photoisomerization. It starts from a cis-coil conformation with an initial central C2N3N4C5 dihedral

angle of about 11◦. Upon photoirradiation, this dihedral angle immediately increases to about 90◦ within

around 25 fs, in conjunction with an almost synchronous decrease of the dihedral angles characterizing the

phenyl torsions: C1C2N3N4 from 56◦ to -17◦ and C2N3N4C5 from 43◦ to 23◦. By contrast, the C2N3N4 and

N3N4C5 bending angles merely fluctuate slightly. In this run, the system does not decay to the S0 state when

it first approaches the S1/S0 conical intersection region after 25 fs; instead it oscillates for more than 100 fs (ca.

2.5 vibrational periods) and then hops to the ground state at 138 fs. Thereafter, the vibrationally “hot” system

evolves toward the trans-coil conformation until the end of the QM/MM nonadiabatic dynamics simulations.

Panel b shows data from a typical trajectory for trans-cis isomerization. One major difference from panel a

is the much longer timescale: in the first 800 fs, the central C2N3N4C5 dihedral angle fluctuates around its

initial value of 180◦. During this period, the C1C2N3N4 and N3N4C5C6 dihedral angles describing the phenyl

torsions oscillate strongly, by up to more than 60◦. The S1−S0 trans-cis surface hop occurs at 928 fs and is

accompanied by strong changes in all three dihedral angles (see Fig. 6).

4 Additional Figures

In this section, we first present snapshots from classical MD simulations of the FK-11 peptide without and

with the azobenzene cross-linker taken from two trajectories without cross-linker (Fig. 7), from four folding

trajectories with cross-linker (Fig. 8), and from five unfolding trajectories with cross-linker (Fig. 9). Thereafter

we show the time evolution of key angles in all 34 available nonadiabatic dynamics trajectories (Figs. 7-11).
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Figure 7: Two snapshots of a typical trajectory of the FK-11 peptide without the azobenzene cross-linker.
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Figure 8: Four folding trajectories of the FK-11 peptide with the azobenzene cross-linker simulated with our
combined QM/MM and MM approach.
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Figure 9: Five unfolding trajectories of the FK-11 peptide with the azobenzene cross-linker simulated with our
combined QM/MM and MM approach.
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Figure 10: QM/MM nonadiabatic dynamics trajectories starting from the cis azobenzene: trajectories 1-6.
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Figure 11: QM/MM nonadiabatic dynamics trajectories starting from the cis azobenzene: trajectories 7-14.
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Figure 12: QM/MM nonadiabatic dynamics trajectories starting from the cis azobenzene: trajectories 15-20.
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Figure 13: QM/MM nonadiabatic dynamics trajectories starting from the trans azobenzene: trajectories 1-8.
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Figure 14: QM/MM nonadiabatic dynamics trajectories starting from the trans azobenzene: trajectories 9-14.
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