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ABSTRACT
In this study, the working mechanism of the first light-driven rotary molecular motors used to control an eight-base-pair DNA hairpin has
been investigated. In particular, this linker was reported to have promising photophysical properties under physiological conditions, which
motivated our work at the quantum mechanical level. Cis–trans isomerization is triggered by photon absorption at wavelengths ranging
300 nm–400 nm, promoting the rotor to the first excited state, and it is mediated by an energy-accessible conical intersection from which
the ground state is reached back. The interconversion between the resulting unstable isomer and its stable form occurs at physiological
conditions in the ground state and is thermally activated. Here, we compare three theoretical frameworks, generally used in the quantum
description of medium-size chemical systems: Linear-Response Time-Dependent Density Functional Theory (LR-TDDFT), Spin-Flip TDDFT
(SF-TDDFT), and multistate complete active space second-order perturbation theory on state-averaged complete active space self consistent
field wavefunctions (MS-CASPT2//SA-CASSCF). In particular, we show the importance of resorting to a multireference approach to study
the rotational cycle of light-driven molecular motors due to the occurrence of geometries described by several configurations. We also assess
the accuracy and computational cost of the SF-TDDFT method when compared to MS-CASPT2 and LR-TDDFT.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038281., s

I. INTRODUCTION

Exerting control over biological processes is a great challenge,
which, if achieved, could revolutionize the fields of nanotechnol-
ogy, biotechnology, and medicine.1–3 Biological processes occurring
in cells are in fact very precisely controlled both in time and space
in a natural manner, for instance, the widespread cellular signaling
pathways in response to different agents.4 Externally achieving the
control of the activity of biomolecules in these environments within
the same spatial and temporal scales of nature could not only shed
light into the course of these complex biochemical mechanisms but,
at the same time, contribute to understanding the potential dysfunc-
tions of these processes that eventually might trigger diseases. Light
is perhaps one of the most convenient external agents for control-
ling these processes, as on the one hand, it is nowadays possible
to fully adjust its wavelength, intensity, location, and timing, and
on the other hand, it represents a non-invasive technique to living

tissues and avoids the contamination of biological samples.5 Fol-
lowing this spirit, molecular photoswitches, or light responsive
molecules, capable of switching between at least two thermodynam-
ically stable isomeric forms, have been used to control the struc-
ture of bioactive peptides, proteins, and nucleic acids’ structure and
function.6 Some of the most popular and promising photoswitches
used for biotechnological purposes are azobenzene derivatives.7,8

This family undergoes reversible cis–trans isomerization, with high
quantum yields, upon irradiation with non-destructive UV and vis-
ible wavelengths for biomolecules.9 A new twist in the field of
photoregulation of biomolecules was proposed by Feringa and co-
workers some years ago.10,11 They suggested the replacement of stan-
dard bi-stable photoswitches by overcrowded alkene-based rotary
molecular motors (RMMs), whose rotary cycle is characterized by
a multi-step process and four different isomers. Figure 1 shows a
scheme of their rotary cycle, consisting of two light-driven steps fol-
lowed, respectively, by two thermally activated steps, leading to an
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FIG. 1. Schematic representation of the
four-step light-driven rotary molecular
rotor12 with its four metastable isomeric
forms. Ax and Eq stand for axial and
equatorial methyl groups, and the longer
sticks represent the 3-hydroxypropyl
substituents.

FIG. 2. Schematic representation with
numbering of the heavy atoms (C and O)
of the stable-trans isomer of RMM1 with
coloring indicating the dihedrals taken
into account as reaction coordinates:
(top) α in red, (middle) β in light green
and β′ in dark green, and (bottom) γ in
light blue and γ′ in dark blue.
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overall unidirectional rotation. The complete structure of the pho-
toswitch is provided in Fig. 2. In particular, Lubbe et al. proposed
a symmetric xylene-based rotor (RMM1),12 consisting of four iso-
meric forms: stable- (A) and unstable-trans (D), and stable- (C) and
unstable-cis (B).

During the light-driven steps, rotation along the C==C double
bond [either from stable-trans (A) to unstable-cis (B) or from stable-
cis (C) to unstable-trans (D)] takes place, but also an inversion of
the helicity of the rotor subunits and the change of the relative ori-
entation of the stereogenic methyl groups from axial to equatorial
has been reported.12 The photomediated steps are followed by ther-
mally activated steps, in which the methyl groups come back to their
original axial orientation and the helicity of the molecule is reverted,
while the configuration of the double bond is maintained. Inter-
estingly, photoswitch absorption occurs at wavelengths longer than
300 nm, preventing the simultaneous excitation of the DNA strand
and, thus, its potential damage. The thermal helix inversion (THI)
step, however, was reported to occur at temperatures slightly higher
than the physiological one (67 ○C), but reverse isomerization seems
unlikely under those conditions. Altogether, the authors report a
higher degree of photoregulation and structural change than other
photoswitches, in a ratcheting-like fashion, which opens the field
to further innovative applications. Finally, this RMM1 was intro-
duced in a 16-mer of self-complementary A and T nucleobases, 8T-
8A, leading to the new photoresponsive DNA hairpin 8T-RMM1-
8A.12 This system was reported to be the first molecular motor
used to control successfully the secondary structure of DNA under
physiological conditions.12

According to these experimental findings, we predict a ground
state potential energy surface (PES) consisting of two pairs of min-
ima in their stable and unstable conformations. A to B and C to
D isomerization steps, i.e., light-activated reactions, are expected
to be separated by high ground state energy barriers, while ther-
mally driven steps (B to C and D to A) are characterized by lower
energy barriers, surpassable at physiological conditions. However,
accessible internal conversion seams between the excited and the
ground states would assure fast and feasible photoisomerization.
Despite the novelty and potential implication of these results, these
experiments, which produce complicated spectra containing valu-
able information about the underlying processes, are difficult to
interpret. Beyond any doubt, computer simulations, both static and
time-resolved, can help us to unravel the photoswitching mecha-
nism of the xylene intercalated hairpin at an atomic-level, provid-
ing detailed insight into the primary photo- and thermo-chemical
reactions and to design a next generation of biohybrid systems capa-
ble of surpassing the performance of those that already exist. Here,
we use advanced electronic structure methods to investigate the
RMM1 photophysics and to provide detailed insight into its four-
step rotatory cycle and the underlying driving force of the working
mechanism and of the electronic structure evolution of the photo-
switch. Additionally, we assess the performance of different quan-
tum mechanical methods in the prediction and interpretation of the
absorption spectra and in the description of the operating mech-
anisms, including the characterization of the various minima and
internal conversion funnels.

This paper is organized as follows: Sec. II describes the compu-
tational details. Our results and discussion are presented in Sec. III,
and finally, our concluding remarks are given in Sec. IV.

II. COMPUTATIONAL METHODS
Theoretical calculations have been performed in the frame

of both Density Functional Theory (DFT) and wave function
multireference methods. In particular, for the modeling of the
photoisomerization mechanism, we have resorted to the popu-
lar multistate complete-active-space second-order perturbation the-
ory (MS-CASPT2)13 method, employing complete-active-space self-
consistent field (CASSCF) wave functions14–16 as a reference to cap-
ture both the static and dynamic fractions of the electronic corre-
lation of these processes. Linear-Response Time-Dependent DFT
(LR-TDDFT), despite describing dynamical electronic correlation,
is based on a single reference framework, which prevents the proper
description of non-adiabatic processes, such as internal conversion
via conical intersections.17,18 An extension to TDDFT, called the
Spin-Flip TDDFT (SF-TDDFT) method,18 in which a higher-spin
triplet state is chosen as the initial reference allowing the ground
state (S0) and the singlet excited states to be treated on the same
footing, was developed to describe strong nondynamical correla-
tion and multiconfigurational events.18–23 This approach has shown
a great performance for describing minimum energy crossing points
(MECPs) in various systems,18,22–27 including stilbene, a prototype
of photoswitch.24

Ground state geometry optimizations (S0,min) for both sta-
ble isomers (stable-cis and stable-trans) were performed at SF-
B5050LYP/cc-pVDZ,18,28 both in the gas phase and in a continuum
of dichloromethane, according to the Conductor-like Polarizable
Continuum Model (C-PCM) scheme.29,30 Subsequent frequency cal-
culations were undertaken at B5050LYP/cc-pVDZ to confirm the
nature of the obtained minima, as spin-flip lacks analytical second
derivative calculations, as implemented in Q-Chem 5.2.31 Relaxed
potential energy surface (PES) scans for the S0 were performed at
the SF-B5050LYP/cc-pVDZ level of theory and along the follow-
ing dihedrals (see Fig. 2): C2–C3–C10–C14 (α, red), C9–C2–C3–C10
(β, light green), C18–C14–C10–C3 (β′, dark green), C10–C3–C4–C30
(γ, light blue), and C3–C10–C11–C32 (γ′, dark blue). The α dihedral
defines the actual isomerization reaction coordinate (cis–trans), β
and β′ describe the helix inversion, and γ and γ′ refer to the rela-
tive stereogenic group orientation in each symmetric subunit (see
C30 and C32 in Fig. 2). The geometries of all identified minima and
transition states (TSs) were individually optimized, leading to the
characterization of unstable-cis, unstable-trans, and transition states
connecting each pair of isomers.

The vertical excitation energies (VEEs) of the first excited
state, S1, were calculated for all S0,min geometries at differ-
ent levels of theory for benchmarking purposes, namely, (a)
LR-TDDFT with BLYP,56,57 B3LYP,32 B5050LYP, CAM-B3LYP,33

and ωB97X-D34 exchange-correlation functionals; (b) SF-TDDFT
at the B5050LYP/cc-pVDZ level of theory; and (c) MS2-
CASPT2(2,2)/ANO-S-VDZ13,35 and MS7-CASPT2(14,14)/ANO-S-
VDZ, both with null IPEA shift36 and 0.1 imaginary shift,37 and
using the Cholesky decomposition for approximating two electron
integrals, within a convergence threshold of 10−6 a.u.38 The active
spaces used for the CASSCF wave functions were (2,2) containing
HOMO and LUMO and (14,14) including all the π orbitals indicated
in Fig. 3. In order to account for the solvent effects and also mimick-
ing the experimental conditions,12 LR-TDDFT and SF-TDDFT cal-
culations were performed both in the gas phase and in a continuum
of dichloromethane, as described by a C-PCM scheme.

J. Chem. Phys. 154, 064111 (2021); doi: 10.1063/5.0038281 154, 064111-3

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 3. SA7-CASSCF(14,14)/ANO-S-
VDZ molecular orbitals included in the
active space for the stable-trans isomer.
Highlighted within a square the πHOMO
and π∗LUMO orbitals involved in the first
excited-state transition (S1).

Excited-state (S1,min) geometries were calculated at the LR-
B5050LYP/cc-pVDZ, SF-B5050LYP/cc-pVDZ, and SA2-
CASSCF(2,2)/ANO-S-VDZ levels of theory. Additionally, relaxed
PES scans of the S1 were done at the SF-B5050LYP/cc-pVDZ level
of theory along the α dihedral. The minimum energy crossing
points (MECPs) between S1/S0 were located at the SF-B5050LYP/cc-
pVDZ level, using the penalty function39 algorithm, and at the
SA2-CASSCF(2,2)/ANO-S-VDZ level, using the gradient projection
method.40

All DFT-based calculations have been performed with the Q-
Chem 5.231 electronic structure program. OpenMolcas41 was used
for all wave function-based calculations, and the corresponding
MECP/CI optimizations at the SA-CASSCF(2,2) level of theory were
performed using BAGEL.42

III. RESULTS AND DISCUSSION
A. Ground-state stationary geometries

Stable-cis (C) and stable-trans (A) optimized S0,min geometries
have been obtained at different levels of theory, assessing also the
solvent effect on their structures. In particular, LR-ωB97X-D/cc-
pVDZ, LR-B5050LYP/cc-pVDZ, and SF-B5050LYP/cc-pVDZ opti-
mized geometries, both in the gas phase and including the sol-
vent (dichloromethane) adopting a C-PCM scheme, were compared.
Tables I and II show the values of the main reaction coordinates
(dihedrals defined in Sec. II) along the rotary cycle for each of the
optimized geometries. No significant deviation of any dihedral in
any environment condition or level of theory is observed. These
findings lead us to conclude that (a) the inclusion of dispersion, as

in ωB97X-D, (b) the effect of using a triplet reference for the S0,min
optimization by the SF approach, (c) the inclusion of 50% Hartree–
Fock (HF) exchange, as in B5050LYP, and (d) the incorporation of
dichloromethane as a solvent do not have any significant effect on
the dihedrals, considered as reaction coordinates in this work, of the
S0,min geometries of the RMM1.

The most important parameters of the S0,min optimized geome-
tries and relative energies at SF-B5050LYP/cc-pVDZ are reported
in Table II for the four isomers: A, B, C, and D. The lowest energy
isomer, stable-cis (C), is set as the energy reference. The stable-
cis (C) and the stable-trans (A) isomers, which energetically differ
by 2.46 Kcal/mol, are the most stable structures, when compared
to their unstable form, in agreement with the experimental find-
ings.12 We have also successfully located the unstable-cis (B) and
unstable-trans (D) isomers with higher energies. In accordance with
a Boltzmann distribution, under physiological conditions, the pop-
ulation of C and A isomers against B and D would be of 100% and
96%, in agreement with the relative population of the ground state
species experimentally reported.12 As given in Table II, while photoi-
somerization (A to B and C to D) is mainly determined by a 180○ α
rotation, thermal helix inversion from unstable to stable isomers (B
to C and D to A) occurs along β and γ coordinates, with moderate
changes in the α value. This involves the inversion of dihedral β from
negative to positive values, indicating the relative helicity inversion
of the two subunits, and the change of the stereogenic methyl groups
from equatorial to axial conformation, as indicated by more negative
values of dihedral γ.

The thermally activated steps, connecting each unstable to
its respective stable isomer, are mediated by a ground-state tran-
sition state (TS), as reported in Table II. We found an energy
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TABLE I. Dihedral values (in degrees) for the S0,min optimized geometries of stable-cis and stable-trans isomers obtained at
different levels of theory in the gas phase and dichloromethane (DCM).

Species Level of theory Environment α β β′ γ γ′

Stable-trans (A) LR-ωB97X-D Gas phase 160.5 49.1 48.7 −119.1 −118.8
LR-ωB97X-D DCM 160.4 48.8 48.7 −118.7 −118.7
LR-B5050LYP Gas phase 160.9 48.5 48.7 −118.1 −118.2
LR-B5050LYP DCM 160.8 48.3 48.6 −117.8 −118.1
SF-B5050LYP Gas phase 161.1 48.1 48.5 −117.9 −118.2
SF-B5050LYP DCM 161.0 48.1 48.4 −117.7 −117.9

Stable-cis (C) LR-ωB97X-D Gas phase 6.2 37.4 37.5 −100.0 −99.7
LR-ωB97X-D DCM 6.4 37.4 37.4 −99.6 −99.4
LR-B5050LYP Gas phase 6.4 37.1 37.3 −99.1 −99.1
LR-B5050LYP DCM 6.6 37.0 37.1 −98.8 −98.7
SF-B5050LYP Gas phase 5.8 37.5 37.6 −99.4 −99.4
SF-B5050LYP DCM 6.1 37.2 37.3 −98.9 −98.9

barrier of 19.1 Kcal/mol for the trans (TSDA) pair and 25.3 Kcal/mol
for the cis (TSBC) pair, which is in agreement with the available
experimental data, 24.8 Kcal/mol.12 It must be noted that exper-
imentally unstable-trans (D) is reported to have a much shorter
lifetime compared to unstable-cis (B), which is also consistent with
the calculated difference in the energy barriers according to a simple
kinetic model calculation. Still, small differences between the experi-
mental and our theoretical results might arise due to the fact that our
calculations employ potential energies instead of Gibbs free ener-
gies. Additionally, the scan of the ground state potential energy sur-
face along the cis–trans isomerization coordinate (α) revealed high
energy barriers connecting isomers A–B and C–D. Nevertheless, the
multireference character of the TS guesses did not enable their char-
acterization at this level; thus, TSAB and TSCD refer in Table II to the
maxima of the relaxed potential energy scan along the α dihedral at
the SF-B5050LYP level of theory and not the actual TS optimized
geometries. Regardless of this issue, we predict energy barriers of
∼50 Kcal/mol, which would prevent thermal cis–trans isomerization
reactions to occur.

B. Vertical excitation energies
The S1 vertical excitation energies (VEEs) for the stable-trans

and unstable-cis isomers obtained at LR-TDDFT (various function-
als) and SF-TDDFT levels of theory as well as experimental12 and

additional theoretical results using wave function based methods
are summarized in Table III. One observes the typical blueshift
of the S1 VEE to higher excitation energies when the fraction of
Hartree–Fock (HF) exchange is increased from zero (BLYP) to 20%
(B3LYP) and finally to 50% (B5050LYP). The state order remains
the same for the functionals with HF fractions greater than zero,
and it is similar to the state order for SF-TDDFT and MS-CASPT2
with all the methods considered, showing S1 to be the bright state.
The molecular orbitals (πHOMOπ∗LUMO) involved in this excitation,
although considerably delocalized throughout the π system of the
molecule, are mainly localized in the central C==C bond [see Fig. 3].
The rest of the low-lying states described in our calculations have
also a ππ∗ character with rare participation of the lone pairs of
the oxygen atoms located in the extremes of the molecule. In par-
ticular, the main character of the lowest lying excited states S2,
S3, and S4 is πHOMO−3π∗LUMO, πHOMO−2π∗LUMO, and πHOMOπ∗LUMO+1,
respectively, according to LR-B5050LYP and MS7-CASPT2(14,14).
This suggests that our rotary molecular motor can be satisfacto-
rily described by TDDFT because of its closed-shell configuration,
being also a planar molecule not prone to intramolecular charge
transfer. In addition, increasing the size of the basis set by adding
diffuse basis functions has a negligible effect on the excitation
energy and state order, suggesting the local character of the excited
states.43

TABLE II. Energy (in Kcal/mol) and dihedral values (in degrees) for the relevant stationary points of the ground state potential
energy surface at the spin-flip B5050LYP/cc-pVDZ level of theory in the gas phase.

Species Energy (Kcal/mol) α β β′ γ γ′

Unstable-trans (D) 5.54 162.0 −36.2 −35.9 −22.6 −22.8
TS-trans (TSDA) 24.59 173.6 2.9 3.8 −76.4 −76.4
Stable-trans (A) 2.46 161.1 48.1 48.5 −117.9 −118.2
Unstable-cis (B) 4.27 −26.7 −28.7 −28.6 −31.6 −32.0
TS-cis (TSBC) 29.61 1.1 67.7 −70.6 −129.1 21.0
Stable-cis (C) 0.00 5.8 37.5 37.6 −99.4 −99.4
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TABLE III. S1 vertical excitation energies in the gas phase and in dichloromethane (DCM) and solvent shift (ΔE) of the stable-trans (A) and unstable-cis (B) calculated at different
levels of theory.

Excitation energy, eV/nm (osc. strength) ΔE (eV) Excitation energy, eV/nm (osc. strength) ΔE (eV)

Environment Gas phase DCM Gas phase DCM

Isomer Stable-trans (A) Unstable-cis (B)

LR-BLYP 3.29/377(1.0) 3.22/385(1.3) −0.07 3.04/408(1.0) 2.91/426(1.2) −0.13
LR-B3LYP 3.78/328(1.4) 3.68/337(1.6) −0.10 3.37/368(1.1) 3.23/384(1.3) −0.14
LR-B5050LYP 4.27/290(1.6) 4.18/297(1.8) −0.09 3.73/332(1.2) 3.60/344(1.3) −0.13
LR-CAM-B3LYP 4.26/291(1.6) 4.16/298(1.8) −0.10 3.71/334(1.2) 3.59/345(1.3) −0.12
LR-ωB97X-D 4.30/288(1.6) 4.20/295(1.8) −0.10 3.74/332(1.1) 3.62/343(1.3) −0.12

SF-B5050LYP 4.46/278(1.5) 4.44/279(1.4) −0.02 3.84/323(1.1) 3.80/326(1.1) −0.04

MS2-CASPT2(2,2) 3.95/314(1.04) . . . . . . 3.38/367(0.8) . . . . . .
MS7-CASPT2(14,14) 3.68/337(0.8) . . . . . . 3.28/378(0.6) . . . . . .

Experiment12 3.74 (328) 3.32 (373)

A closer inspection reveals that B5050LYP with 50% HF
exchange gives similar results to long-range corrected (LC)
functionals, such as ωB97X-D34 or CAM-B3LYP,33 which have
been designed to overcome limitations associated with the tra-
ditional exchange-correlation functionals, e.g., overestimating π
bond breaking and proper description of charge-transfer phenom-
ena.44–50 Comparing the performance of LR-TDDFT calculations, in
Table III, it is apparent that functionals containing larger amount of
HF exchange (≥50%), i.e., B5050LYP, ωB97X-D, and CAM-B3LYP,
deliver similar excitation energies and also close enough to exper-
imental values,12 despite not being the most accurate ones. Never-
theless, for this particular system, as discussed in Sec. III A, due to
the occurrence of conical intersections and relevant geometries with
considerable multireference character, it is safer to use SF-TDDFT

to properly describe the electronic configuration of the molecule, in
particular, in the S1 state. In addition, earlier studies19–21,23,26 have
revealed that BHHLYP, and also B5050LYP due to their resem-
blance, are suitable functionals when describing excited sates and
MECP optimizations within SF-TDDFT methodology.

In order to shed further light on the effect of the solvent on
the absorption spectra, the VEEs at the LR- and SF-TDDFT levels of
theory are calculated within the C-PCM scheme. The corresponding
bathochromic shifts are also reported in Table III. In the case of LC
and B5050LYP functionals, inclusion of the solvent effect shifts the-
oretical values slightly closer to experimental ones. This effect is also
depicted in Fig. 4 at the SF-TDDFT level of theory, where computed
gas-phase and solvent VEEs are compared to experimental UV–
Vis absorption spectra.12 The bathochromic shift for SF-TDDFT is

FIG. 4. Experimental and calculated
absorption spectra (FWHM = 10 nm) of
the stable-trans (A; red) and unstable-
cis (B; green) at the SF-B5050LYP/cc-
pVDZ level of theory in the gas phase
and in DCM. Experimental absorption
spectra were re-plotted with the data pro-
vided in Ref. 12. The calculated spectra
have been shifted 50 nm (0.59 eV) to
longer wavelengths to fit the experimen-
tal peaks.
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considerably smaller than those reported by LR-TDDFT, but still the
trend is comparable.

For the sake of completeness, SF-TDDFT and LR-TDDFT
VEEs were compared to the absorptions computed with MS-
CASPT2 and SA-CASSCF methods in the gas phase.25,51 The impact
of the number of roots and the size of the active space in the VEEs
was extensively explored. A reasonable active space balancing accu-
racy and computational cost was set to the (14,14) scheme including
7 π and 7 π∗ orbitals [see Fig. 3]. Oxygen lone pairs, as reported
above, were not found to participate in low-lying excitations, so they
were excluded from the active space. Thus, S1 VEEs were calcu-
lated in the gas phase at the MS7-CASPT2(14,14)/ANO-S-VDZ and
MS2-CASPT2(2,2)/ANO-S-VDZ levels of theory. A closer agree-
ment with experimental values has been obtained upon increasing
the size of the active space (see Table III and Table S1).

Our MS7-CASPT2(14,14) gas phase calculation shows a bright
S0–S1 electronic transition at 337 nm for the stable-trans (A) iso-
mer, which is close to the experimentally reported absorption peak
at 328 nm.12 For unstable-cis (B), MS7-CASPT2(14,14) predicts S1
absorption at 378 nm, which matches well with the experimental
values. Table S1 shows a comparison of the S1 excitation energies
for the four S0,min geometries obtained at different levels of theory.
It must be noted that the experimental values are reported in solu-
tion, while our MS7-CASPT2 results are calculated in the gas phase.
From these results, we conclude that the SF-TDDFT overestimates
the VEEs in line with previously reported trends for several organic
compounds.52 A similar trend, although smoother, is observed for
the LR-TDDFT VEE values. It is important to note that all the levels
of theory were able to reproduce the experimentally observed shift
between the absorptions of stable-trans (A) and unstable-cis (B) iso-
mers. For instance, the first absorption shifts, from stable-trans (A)
to unstable-cis (B), by 0.62 eV, 0.56 eV, and 0.40 eV according to SF-
B5050LYP, LR-ωB97X-D, and MS7-CASPT2(14,14), respectively,
matching considerably well with the experimental photochromic
shift of 0.42 eV.12

C. Excited-state stationary geometries
The excited-state nonadiabatic dynamics of a chromophore is

essentially controlled by the internal energy of the system after irra-
diation, the occurrence of minima along the excited PES, the elec-
tronic couplings, and the accessibility of non-radiative funnels for
the transfer of population between states of the same or different
multiplicity.53,54 While for the S0,min geometries, single reference
electronic structure methods, such as DFT, usually provide suffi-
ciently accurate results, the correct characterization of S1,min geome-
tries and, in particular, of conical intersections and other MECPs
might require more than one electronic configuration and there-
fore calls for multireference electronic structure methods. This is
indeed the case for the system considered in this work, in which
the relative rotation of both symmetric subunits (along the α coordi-
nate) breaks the conjugation of the system, favored by the electronic
transition from the HOMO (π) to the LUMO (π∗) (see Fig. 3). To
assess the performance of the different methods used in this study,
in the description of the excited states involved in the first steps of
the photoisomerization, S1 optimizations were performed at the LR-
TDDFT, SF-TDDFT, and SA2-CASSCF(2,2), including HOMO and
LUMO as a minimal active space, levels of theory. Table IV shows
the geometric parameters for the four S1,min isomers at the different
levels of theory. While SF-TDDFT and SA-CASSCF report simi-
lar S1,min geometries for all isomers, LR-TDDFT geometries differ
significantly from those calculated by the other methods (in partic-
ular, considering the photoisomerization coordinate α), except for
the stable-trans isomer. For this isomer, all levels of theory deliver
similar geometries, which are not far from S0,min, and thus are well
described even by the single reference LR-TDDFT approach. Inter-
estingly, the inclusion of static correlation in the wave function
enhances further rotation along the α reaction coordinate, in partic-
ular, when approaching the conical intersection, as will be discussed
later in this section.

Aiming at classifying, as low M ≤ 0.05, moderate 0.05 ≤ M
≤ 0.1, or strong M ≥ 0.1, the multiconfigurational character of the

TABLE IV. Dihedral values (in degrees) for the S1,min optimized geometries obtained at different levels of theory in the gas
phase and its respective M diagnostic values.

Species Level of theory α β β′ γ γ′ M diagnostic

Stable-trans (A) LR-B5050LYP 165.6 43.9 44.7 −116.8 −117.4 0.013 318
SF-B5050LYP 164.9 42.1 45.5 −115.1 −117.0 . . .

SA2-CASSCF(2,2) 167.7 43.5 44.9 −117.4 −118.1 0.014 058

Unstable-trans (D) LR-B5050LYP 135.5 −20.8 −22.2 −28.3 −26.9 0.119 004
SF-B5050LYP 74.9 21.3 −11.9 −63.1 −32.2 . . .

SA2-CASSCF(2,2) 79.5 13.8 −10.3 −58.7 −35.5. 0.047 415

Stable-cis (C) LR-B5050LYP 47.2 18.4 18.4 −84.2 −84.4 0.059 469
SF-B5050LYP 52.5 16.7 17.0 −84.9 −85.3 . . .

SA2-CASSCF(2,2) 71.4 7.8 24.1 −74.6 −91.1 0.139 534

Unstable-cis (B) LR-B5050LYP −69.3 −3.5 −2.9 −47.9 −49.5 0.179 594
SF-B5050LYP −115.2 33.6 0.8 −71.2 −42.3 . . .

SA2-CASSCF(2,2) −111.1 28.4 3.1 −67.7 −46.1 0.124 133
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TABLE V. Energy (in kcal/mol) and dihedral values (in degrees) for the relevant critical points of the S1 potential energy
surface at the spin-flip B5050LYP/cc-pVDZ level of theory in the gas phase.

Species S1 energy (eV) α β β′ γ γ′

Stable-trans (A) S0,min 4.57 160.5 49.1 48.7 −119.1 −118.8
Stable-trans (A) S1,min 4.07 164.9 42.1 45.5 −115.1 −117.0
CIS1/S0 3.58 −131.8 −1.6 53.1 −38.2 −79.2
Unstable-cis (B) S1,min 3.37 −115.2 33.6 0.8 −71.2 −42.3
Unstable-cis (B) S0,min 4.24 −25.6 −29.6 −29.2 −30.6 −31.1

Stable-cis (C) S0,min 4.24 6.2 37.4 37.5 −100.0 −99.8
Stable-cis (C) S1,min 3.53 52.5 16.7 17.0 −84.9 −85.3
CI′S1/S0

3.59 55.0 49.1 −17.7 −71.4 −23.3
Unstable-trans (D) S1,min 3.27 74.9 21.3 −11.9 −63.1 −32.2
Unstable-trans (D) S0,min 4.23 163.1 −37.0 −37.0 −21.5 −21.7

system along the photoreactive pathway, we used the well-known M
diagnostic55 by Truhlar and co-workers on the CASSCF(2,2) wave
functions of the ground state at the minima of the S1 PES. The M val-
ues are reported in Table IV. Our results indicate a medium to strong
multireference character for the S0 wave functions at these regions
of the PES, which is in line with the failure of LR wave functions to
obtain correct geometries in contrast to SF and CASSCF wave func-
tions. Based on the results showed in this section and Secs. III A and
III B, due to the widespread occurrence of wave functions described
by several configurations along the whole isomerization space, in the
following, we will restrict ourselves to SF-B5050LYP and CASSCF
results.

Table V reports the energy and the geometric parameters of the
stationary points in the S1 PES at the SF-B5050LYP/cc-pVDZ level
of theory. These results reveal the evolution of the coordinate α upon
light absorption, but also the abrupt change in the coordinates β and
γ, along the S1 state.

Finally, also relevant to the scrutiny of photoisomerization
mechanism of these rotors are the MECPs, which were obtained as
described in Sec. II starting from each isomer geometry. Considering
the limitations of LR-TDDFT for the description of PES regions with
considerable multireference character, SF-TDDFT and SA-CASSCF
were employed for the characterization of internal conversion fun-
nels (see Table VI). Two different MECPs were found, CIS1/S0 and
CI′S1/S0

, connecting the isomer A with B, and C with D, respec-
tively. Their optimized geometric parameters and relative energies
are reported in Table VI at the SF-B5050LYP and SA2-CASSCF(2,2)

TABLE VI. Dihedral values (in degrees) for the S1/S0 MECPs obtained from the A
and B isomers’ geometries at different levels of theory in the gas phase.

Species Level of theory α β β′ γ γ′

CIS1/S0 SF-B5050LYP −131.8 −1.6 53.1 −38.2 −79.2
SA2-CASSCF(2,2) −132.2 −1.6 55.7 −38.2 −81.2

CI′S1/S0
SF-B5050LYP 55.0 49.1 −17.7 −71.4 −23.3

SA2-CASSCF(2,2) 51.0 54.0 −17.9 −73.1 −24.5

levels of theory. It is apparent that both the SF and the multireference
methodologies return similar geometries for the MECPs, halfway of
the light-activated steps, coinciding with the highest energy point
when performing a constrained optimization along the α dihedral at
S0. The energies of the two states involved in the MECP optimiza-
tion, the norm of the derivative coupling, and the α dihedral values
along the MECPs optimization trajectories are given in Figs. S1 and
S2. Accessibility of these crossing seams is plausible, in terms of
energy, considering that the reported CIs lie below the initial absorp-
tion energy (see Table V). This point will be commented in depth in
Sec. III D. Additionally, since the results of both SF-B5050LYP and
SA2-CASSCF(2,2) methodologies are equivalent, we will stick to the
first one for further discussion.

CIS1/S0 was obtained starting from stable-trans (A) and
unstable-cis (B) geometries. Both optimizations converged to the
same geometry, characterized by an α value of −132○, similar to
that of unstable-cis (B) S1,min, although the crossing takes place
slightly higher in energy (0.21 eV). This indicates that this MECP
is close to the unstable-cis (B) S1,min and that it is energetically acces-
sible, in particular, taking into account the excess of vibrational
energy after photon absorption from S0,min. The norm of the non-
adiabatic coupling was computed at each optimization step, and its
value increased from starting values of <0.1 to >50 in the optimized
MECPs, as reported in Fig. S1. Additional MECPs on this side of the
rotary cycle were not found, and although the existence of additional
internal conversion funnels cannot be ruled out, it seems plausi-
ble that CIS1/S0 is the main non-adiabatic relaxation seam due to its
proximity to the stable-trans (A) and unstable-cis (B) S1,min and thus
its accessibility.

CI′S1/S0
was obtained starting from the stable-cis (C) and

unstable-trans (D) geometries. Again, the same geometry was
obtained from both calculations, reporting an α dihedral value of
55○. This funnel lies 0.06 eV and 0.32 eV higher than the stable-cis
(C) S1,min and the unstable-trans (D) S1,min, respectively. After pho-
toexcitation, the excess of vibrational energy will be enough to reach
the CI′S1/S0

geometry, from either S1,min, returning the excited popu-
lation back to the S0 PES. The same behavior was observed for the
norm of the non-adiabatic coupling, as can be seen in Fig. S2. Again,
no extra S1/S0 MECPs were found for this part of the rotary cycle,
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which supports the idea that CI′S1/S0
is the main internal conversion

funnel back to the ground state, due to its energetic accessibility and
its geometric proximity to S1,min.

D. Potential energy surface
In this section, we highlight and summarize the main features

on the PES responsible for the rotation mechanism of this molecule
upon light absorption. Figure 5 shows the S0 and S1 PES along
the main reaction coordinate (dihedral α) of the photoisomeriza-
tion. Four minima have been characterized in the S0 PES, corre-
sponding to the metastable isomeric forms: stable-trans, unstable-
cis, stable-cis, and unstable-trans (A, B, C, and D, respectively, in
Figs. 1 and 5). Furthermore, two transition states were charac-
terized along the β and γ coordinates mediating thermally driven
helix inversion between (i) unstable-cis and stable-cis (TSBC) and
(ii) unstable-trans and stable-trans (TSAD). As discussed in Sec. III
A, the energy barriers [19.1 kcal/mol (0.82 eV) and 25.3 Kcal/mol
(1.10 eV) for the TSBC and TSDA, respectively] are low enough to
be surpassed at physiological conditions in a reasonable amount of
time, 6 h at 40 ○C, as reported by the instrumentalists.12 On the

other hand, energy barriers of ∼50 kcal/mol were found for TSAB
and TSCD along the α dihedral coordinate. These high barriers prac-
tically exclude the thermal isomerization and support the photo-
isomerization reaction as the operative pathway under physiological
conditions.

Upon light absorption, the ground state of stable-trans (A) iso-
mer (α = 161○) is excited to the bright S1 with an energy of 4.57 eV.
From the Franck–Condon geometry, after vibrational relaxation, the
S1,min(A) (α = 165○) is reached with an energy of about 4.07 eV. A
small energy barrier of <2 kcal/mol separates this minimum from a
downhill potential energy profile, leading to S1,min(B), along which it
hits CIS1/S0 . This behavior is typical of processes with CIs accessible
from the FC region without significant energy barriers, which is the
case here. From the reversed side, the ground state unstable-cis (B)
population (α =−26○) can be excited to S1 at 4.24 eV and then relaxes
downhill to its S1,min(B) (α = −115○) with an energy of 3.37 eV. The
unstable-cis (B) S1,min geometry is close, both energetically and struc-
turally, to the CIS1/S0 (α = −132○), from where the S0 PES can be
accessed through internal conversion. Once in the S0, the population
can bifurcate to either the stable-trans S0,min(A) or the unstable-cis
S0,min(B), the latter resulting in successful photoisomerization.

FIG. 5. PES scheme for the rotary cycle of the RMM. Energies computed at the spin-flip B5050LYP/cc-pVDZ level of theory and relative to the stable-cis ground state energy
in eV. Color code: (blue) ground state, (green) first excited state, (purple) degeneracy regions, and (red) transition states. Letter code: (A) stable-trans, (B) unstable-cis, (C)
stable-cis, and (D) unstable-trans isomers.
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In a similar fashion, after photon absorption, the stable-cis
S0,min(C) (α = 6○) is vertically excited to the first (bright) excited
state with an energy of 4.24 eV, from where it undergoes vibra-
tional relaxation until reaching S1,min(C) (α = 53○). From this point,
only 0.6 eV higher in energy, CI′S1/S0

(α = 55○) can be reached.
Analogously, the unstable-trans S0,min(D) (α = 163○) can be verti-
cally excited with an energy of 4.23 eV, from where it undergoes
a vibrational relaxation toward S1,min(D) (α = 75○) with an energy
of 3.27 eV. From this point, CI′S1/S0

that acts again as a doorway
for an internal conversion to the ground state is accessible (0.32 eV
higher), considering the vibrational excess of energy. After internal
conversion to the ground state, the system can evolve either to the
stable-cis (C) or unstable-trans (D), the latter resulting in successful
photoisomerization.

Altogether, the directionality of the photoisomerization is
determined by the negative gradient, which brings the molecule
close to the conical intersection, whose accessibility, in terms of
energy and geometry, supports the non-adiabatic radiationless tran-
sition, leading the excited population back to the ground state. Fur-
thermore, it is remarkable the ability of the system to access both
CIs from each of the isomers involved in the transition, making
possible the reversibility of the photoisomerization before thermal
helix inversion takes place, as experimental data showed for the A–B
pair of isomers.12 In fact, according to our results, the same behav-
ior should be registered for the C–D pair of isomers, although THI
was reported to be fast in Ref. 12. Overall, the speed of the complete
rotation seems to be constrained by the thermally activated helix
inversion rate-determining step with an energy barrier relatively
accessible at physiological conditions.

IV. CONCLUSION
Throughout this study, we carried out a series of quantum

mechanical calculations to systematically study the four-step light-
driven rotatory cycle of RMM1 reported by Lubbe et al.12 (see
Figs. 1 and 2). Additionally, we have assessed the validity of differ-
ent theoretical approaches in the description of the different light-
driven and thermally driven steps, unraveling the working mecha-
nism at the molecular level of this system. Upon light absorption, the
RMM1 molecule is electronically excited to its first (bright) excited
state S1, from where it is able to isomerize from trans to cis and
vice versa, via ultra-fast S1 to S0 internal conversion mediated by
non-adiabatic couplings and accessible MECPs located in the vicin-
ity of S1,min of the corresponding isomeric forms. Interestingly, our
results indicate the possibility of photoreversion for each cis–trans
isomerization, provided that the thermal-helix inversion has not
taken place, which is in line with the experimental data.12

The estimation of the quantum yield of the photo-induced steps
should be tackled using dynamical methods, and the work in this
direction is in progress in our group. The required energy barrier for
the thermally driven helicity inversion steps, along which an unsta-
ble isomer converts to its corresponding stable form, is estimated to
be approximately 20–25 kcal/mol, which can still be surpassed, after
some time, at physiological conditions. Our results suggest that the
rate-determining steps are the two thermally driven helicity inver-
sion steps; thus, future research should address the reduction of this
energy barrier to further accelerate and increase the efficiency of the
overall rotary process.

Finally, the spin-flip TDDFT scheme has been reported as a
cheaper alternative to the widespread multireference CASSCF-based
methods, producing good reference geometries both in regions
described by a single predominant configuration and in those where
static electronic correlation is strong. Although SF-TDDFT was
found to slightly overestimate absorption energies in comparison
to MS-CASPT2 and LR-TDDFT methodologies, consistent results
have been obtained with this approach. Overall, SF-TDDFT has been
shown to produce more accurate and realistic S1,min and MECP
geometries than the conventional LR-TDDFT method, which might
produce inaccurate excited state PES critical points, when static cor-
relation plays an important role. This study provides further evi-
dence for the applicability of the SF-TDDFT for describing both
excited and ground states and thus can be considered as a good low-
cost method to study medium- to large-size systems of comparable
complexity.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional and support-
ing data. Table S1 summarizes the vertical excitation energies for
the four isomers at different levels of theory. Figures S1 and S2
show a graphical representation of the convergence of the conical
intersection search calculations for CIS1/S0 and CI′S1/S0

.
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