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which is of complementary importance in understanding 
the overall rotary process of the reversible rotation.
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1  Introduction

Molecular motor, in general, is a kind a nano-machine 
which can perform continuously mechanical functions by 
converting external energy to repetitive 360° motion. There 
are various molecular motors in nature, existing in the bio-
logical systems such as ATPase, dimeric kinesin, myosin, 
and dynein, which accomplish the extremely delicate and 
intricate microscopic works that compose the brilliant bio-
logical world. According to the different driven forces, 
it can be sorted as chemical [1], electrical, thermal, and 
light-driven molecular motors. On the other hand, due to 
the rapid development of the ‘bottom-up’ approach for 
experimental chemists, studies focusing on the design and 
synthesis of molecular-level machines that mimic the basic 
functions in nature have increased dramatically in the past 
decade. Although it is still far to construct artificial molecu-
lar motor that can perform integrated functions for realis-
tic works, people have been able to design and to synthesis 
some relatively simple molecular motors which possess lin-
ear or rotary movement working under ambient conditions.

An eligible biological or artificial molecular motor 
that can be operated effectively at molecular level should 
work against the random thermal Brownian motion, which 
means the unidirectionality and controllability of the motor 
are essential criteria. The artificially designed molecular 
motors in laboratory that are powered by different energy 
sources and possess various mechanical motions have been 
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inspired extensively by the pioneering synthetic unidirec-
tional rotary molecular motors presented by Feringa [2, 3] 
and Kelly [4, 5] and their co-workers over the last 15 years.

One of the most interesting characteristics of the rotary 
motors existing in biological systems is the reversal of the 
direction of rotation [6]. Recently, a new molecular motor 
(henceforth denoted motor 1) driven by light, whose rota-
tion direction can be controlled to be capable of performing 
reversible mechanical works by certain chemical cataly-
sis epimerization, has been reported by Feringa et  al. [7]. 
The design of motor 1 is based on one of the typical sec-
ond-generation molecular motor (shown in Scheme  1) by 
replacing the methyl substituent at the stereogenic centre 2′ 
position with electron-withdrawing—CONMe2 group at the 
3′ position [7, 8]. In this way, the bidirectional 360° rotary 
cycle of motor 1 can be achieved, and the concerted work-
ing mechanism was experimentally observed, as shown in 
Fig. 1. According to the relative rotating between the upper 
rotor and lower stator, the two rotating cycles are named 
clockwise rotation and anticlockwise rotation, respectively.

Computational studies complement these experimen-
tal efforts and provide more insights into the rationale of 
the working mechanism, which could be helpful for the 
design and operation of these high rotational frequency 
motors in functional devices [9–12]. Moreover, quantum 
chemical studies could be regarded as the first step before 
exploring the rotary cycle of such motors by making them 
work as practical molecular machines. Some theoretical 
studies focusing on the working mechanisms of different 
light-driven molecular motors have been reported widely. 
Grimm et  al. [13] have investigated the photochemi-
cal steps of a Feringa alkene-based molecular motor by 
using Car–Parrinello molecular dynamics simulations 
and thermal steps by semiempirical AM1 method, which 
has revealed the important role of methyl groups in deter-
mining the unidirectionality of the rotation. Excited-state 
dynamics studies of fluorene-based molecular motor also 
include TD-DFT simulation [14] and semiclassical trajec-
tory surface hopping (TSH) simulations combined with 
orthogonalization-corrected OM2 Hamiltonian and multi-
reference configuration interaction treatment (OM2/MRCI) 
by Filatov et al. [15]. Recently, the detailed photoisomeri-
zation processes of a redesigned stilbene-based light-driven 
molecular motor were specified by Liu and Morokuma [16] 
with CASPT2//CASSCF calculations. On the contrary, 
Perez-Hernandez and González [17] mainly focused on the 
possible reaction paths and corresponding transition states 
in the ground state.

As for the working mechanism of motor 1, despite the 
experimental observation has shown the bidirectional rota-
tions, a detailed understanding of the excited-state pho-
toisomerization and ground-state thermal helix inversion 
following the rotary motion is still of essential importance 

considering improved design of reversible light-driven 
rotary molecular motors in the future.

We report quantum chemical calculations in this work 
by using density functional theory (DFT) [18–24] and time-
dependent density functional theory (TD-DFT) [25–29], 
which illustrate the overall rotary process including both 
the excited-state photoisomerization and the ground-state 
thermal helix inversion steps at the same level of theory. It 
is found that the long-range corrected (LC) density func-
tional CAM-B3LYP [30] is able to demonstrate the unidi-
rectionality of the photoisomerizations in the clockwise and 
anticlockwise rotary processes. By computing the potential 
energy curves (PECs) of the ground state and three lowest 
excited states, the different profiles of these states in the 
power-stroke photochemical reactions have been revealed.

2 � Computational methods

The complete understanding of the rotary cycle of motor 
1 involves the description of both photoisomerization reac-
tion and thermal helix inversion steps. Therefore, the selec-
tion of a rational computational method that is equally 
good at describing excited-state and ground-state potential 
energy surfaces at the same level of theory is of fundamen-
tal importance. Although the widely used globally hybrid 
density functional B3LYP [18, 21, 31] is recognized as one 
of the most accurate for ground-state structures, energies, 
and frequencies [18, 21], there are still some limitations for 
handling partial π-bond breaking or interactions dominated 
by medium-range correlation energy such as overestimate 
of rotation barriers [32], failure to give correct excitation 
energies [33–35], and shortcomings in some other cases 
[36]. Hence, CAM-B3LYP was employed in the work moti-
vated by its merit in describing the excited-state potential 
energy surfaces as well as relatively accurate ground-state 
energy barriers as demonstrated by Rostov et al. [34, 35].
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Scheme  1   Second-generation (left panel) and redesigned reversible 
rotary motor 1 (right panel). With dihedral angles defined as follows, 
θ  =  C11′–C1′–C1–C10a, α  =  C1–C1′–C11′–C10′a, α′  =  C1′–C1–
C10a–C10, β = C1–C1′–C2′–C3′, and β′ = C1′–C1–C1a–C2
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In order to explore the rotary cycle of motor 1 with clar-
ity and simplicity, each 360° rotation process of clockwise 
and anticlockwise is divided into two identical rotary halves 
due to the symmetric chemical structure of the lower stator, 
i.e., every 180° half includes a photochemical and a ther-
mal step (step 1 and step 2 for clockwise rotation and step 
1′ and step 2′ for anticlockwise rotation as shown in Fig. 1). 
The two most stable stationary points ((3′S)-(M)-1 and 
(3′R)-(P)-1) on the ground state were located by geometry 
optimizations and frequency calculations using long-range 
corrected hybrid density functional CAM-B3LYP in com-
bination with the 6−31+G(d,p) basis set. As a complemen-
tary comparison, geometry optimizations and frequency 
calculations with B3LYP functional and 6−31+G(d,p) 
basis set were also performed to ensure the reliability of 
CAM-B3LYP for ground-state properties (see Table  1 in 
following section).

Starting from (3′S)-(M)-1 and (3′R)-(P)-1) as the most 
stable structures on the ground state in each rotary cycle, 
constrained geometry optimizations along the dihedral 
angle C11′–C1′–C1–C10a (θ in Table  1) with an inter-
val of 10° were carried out with the same DFT methodol-
ogy to identify the ground-state PECs. Then, based on the 
ground-state minima and PECs, the excited-state PECs in 
each rotary cycle ((3′S)-(P)-1′ and (3′R)-(M)-1′) includ-
ing the three lowest electronic excited states (S1, S2, and 
S3) were evaluated by TD-DFT single-point calcula-
tions at CAM-B3LYP/6−311++G(d,p) level of theory, 
where triple-ζ quality and more diffuse functions are 
included (basis set effect on the ground-state geometries 
also discussed in Table  1). It should be noticed that dur-
ing the Franck–Condon (FC) relaxation, i.e. analytic TD-
DFT gradients [28, 37] calculations from (3′S)-(M)-1 
and (3′R)-(P)-1 structures, 6−31+G(d,p) basis set and 
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Fig. 1   Schematic clockwise and anticlockwise rotary cycles of motor 1

Table 1   CAM-B3LYP and B3LYP ground-state geometric parameters and relative energetic differences of two most stable structures (3′S)-
(M)-1 and (3′R)-(P)-1 with different basis sets

The definition of dihedral angles is listed in Scheme 1. Dihedral angles in degrees, bond lengths in angstrom, and relative energies in kJ mol−1. 
ΔG is the relative energy differences between (3′S)-(M)-1 and (3′R)-(P)-1 computed at the same level of theory

Isomer Method Basis set θ α α′ β β′ C1′–C1 ΔG

(3′S)-(M)-1 CAM-B3LYP 6−31G+(d,p) 0.2 (177.3) −63.4 −50.5 −107.1 52.4 1.348 0.0

6−311G++(d,p) 0.5 (177.3) −63.6 −51.0 −107.2 52.9 1.343 0.0

B3LYP 6−31G+(d,p) −0.9 (176.5) −63.1 −49.9 −107.0 51.7 1.359 0.2

6−311G++(d,p) −0.6 (176.7) −63.4 −50.4 −107.1 52.2 1.354 0.2

(3′R)-(P)-1) CAM-B3LYP 6−31G+(d,p) −177.2 (−0.2) 63.5 50.4 107.0 −52.5 1.348 0.0

6−311G++(d,p) −177.3 (−0.5) 63.6 51.0 107.2 −52.9 1.343 0.0

B3LYP 6−31G+(d,p) −176.3 (1.1) 63.0 50.0 106.6 −51.9 1.359 0.0

6−311G++(d,p) −176.4 (0.7) 63.4 50.6 106.7 −52.5 1.354 0.0
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Tamm–Dancoff approximation (TDA) [38] were employed 
in order to give balanced results between accuracy and effi-
ciency. Afterwards, TD-DFT single-point excitation ener-
gies of the TDA optimized geometries were calculated at 
311++G(d,p) level.

The less-stable structures (3′S)-(P)-1 and (3′R)-(M)-1 
can be recognized as products of photoisomerizations, 
whereafter the transition state search was carried out by 
constrained geometry optimization along the relevant 
dihedral angle α shown in Scheme  1. The saddle-point 
structure for each curve was taken out and was optimized 
to a transition structure at B3LYP/6−31G+(d,p) level 
of theory using the standard transition state search algo-
rithms implemented in Gaussian 09 [39]. After a transi-
tion structure is optimized, the geometries and energies 
were refined using B3LYP/6−311G++(d,p) and CAM-
B3LYP/6−311G++(d,p) together with the frequency cal-
culations in order to confirm all the transition structures 
have only one imaginary frequency and to obtain thermal 
corrected free energies. Also, intrinsic reaction coordinate 
calculations were done to make sure the reactants and prod-
ucts do connected by a given transition structure.

All calculations in this work were performed with 
Gaussian 09 package of programs [39].

3 � Results and discussions

3.1 � The (3′S)‑(P)‑1 and (3′R)‑(M)‑1 isomers

Taken as the preliminary photochemical reactants in each 
rotary cycle, the ground-state geometric parameters and 
relative energy difference of (3′S)-(M)-1 and (3′R)-(P)-1 
were computed by CAM-B3LYP and B3LYP with different 
basis sets, respectively, as shown in Table 1.

It can be known from Fig.  1 the stable mirror oppo-
site enantiomer (3′R)-(P)-1 which can be obtained by 
base-catalysed epimerization of the less-stable (3′S)-
(P)-1′ should be of the same stereogenic structure and 
energetic stability with (3′S)-(M)-1. It is confirmed by 

the comparison in Table  1, in which the maximum dis-
parities are 0.1°, 0.0  Å, and 0.0  kJ  mol−1 for CAM-
B3LYP/6−31G+(d,p), 0.0°, 0.0  Å, and 0.0  kJ  mol−1 
for CAM-B3LYP/6−311G++(d,p), 0.4°, 0.0  Å, and 
0.2  kJ  mol−1 for B3LYP/6−31G+(d,p), and 0.4°, 0.0  Å, 
and 0.2 kJ mol−1 for B3LYP/6−311G++(d,p) in dihedral 
angles, C1′–C1 bonds, and relative energies. Moreover, 
the increase in the size of the basis set from 6−31G+(d,p) 
to 6−311G++(d,p) has similar and minor effect on the 
chemical structures, with maximum disparities of 0.5° 
and 0.005  Å for CAM-B3LYP, and 0.6° and 0.005  Å for 
B3LYP.

From this point of view, both functionals combined with 
each of two basis sets give reasonably good description of 
the ground-state geometry and energy. Importantly, CAM-
B3LYP predicts (3′S)-(M)-1 and (3′R)-(P)-1 to be exactly 
identical, which proves that this functional is capable of 
yielding accurate ground-state results needed for the calcu-
lations in this work.

3.2 � FC relaxation and potential energy curves

As the first power stroke in the rotary cycle, the irradia-
tion of light promotes the two initial structures in each 
cycle, (3′S)-(M)-1 and (3′R)-(P)-1, to the higher energy 
excited electronic states, followed by an ultrafast relaxa-
tion to the S1 minimum region, which can be evidenced 
by the electronic structure analyses for the three lowest 
electronic excited states. (For detailed discussion, please 
refer to the Supporting Information.) The energy differ-
ence between vertical and adiabatic excitation energy 
is the driving force of the photoisomerization process, 
and the isomer is considered to go down to the ground 
state near the twisted perpendicular conical intersection. 
Therefore, the directionality of the photoinitiated rotation 
around C1′–C1 is controlled by the FC relaxation and can 
be reflected by the shape of PECs on the excited state. 
Some key parameters of excitation energy and geometry 
variation during this process are collected and shown in 
Table 2.

Table 2   S1 vertical (VEE) and adiabatic (AEE) excitation energies (eV) of (3′S)-(M)-1 and (3′R)-(P)-1 calculated at CAM-B3LYP with 
6−31G+(d,p) and 6−311G++(d,p) level of theory

a  The excitation energies are computed from the geometries optimized with 6−31G+(d,p) basis set
b  Experimental absorption maximum taken from Ref. [7]

Isomer Basis set λb
max VEE AEE Geometry change

Δθ ΔC1′–C1

(3′S)-(M)-1 6−31G+(d,p) 3.97 4.14 2.99 0.2 → −57.5 1.348 → 1.447

6−311G++(d,p)a 4.14 3.01 – –

(3′R)-(P)-1 6−31G+(d,p) 3.97 4.14 2.99 −177.2 → −126.4 1.348 → 1.447

6−311G++(d,p)a 4.14 3.01 – –
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It can be seen from Table 2 how well CAM-B3LYP can 
describe the excitation energies of the excited electronic 
states. The vertical excitation energies (∼0.15  eV higher 
than the experimental values) are in reasonable agreement 
with the experimental absorption maxima which should 
correspond to the vertical approximation, as the calcu-
lated adiabatic excitation energies are ∼0.90 eV lower than 
the experimental values. The basis set effect was evalu-
ated by single-point calculations increasing basis set from 
6−31G+(d,p) to 6−311G++(d,p) and only shows mar-
ginal difference (∼0.02  eV in adiabatic excitation ener-
gies). With regard to the geometry changes during the FC 
relaxation of the two isomers, there are both similarity 
and difference. While a pronounced elongation of ∼0.1 Å 
in C1′–C1 bond is observed for both isomers, the driving 
forces on the relative rotation between rotor and stator 
of (3′S)-(M)-1 and (3′R)-(P)-1 are of opposite directions 
which can be observed clearly in Fig. 2.

In Fig. 2, the S0 minimum energy path (MEP) and the 
single-point excitation energies of the first three excited 
states for (3′S)-(M)-1 and (3′R)-(P)-1 are shown. It should 
be pointed out that the aim of the research is to elucidate 
the reversible rotation processes and to understand the 
working mechanism of the motor; therefore, the expensive 
excited-state potential energy surface calculation was not 
performed. Furthermore, although CAM-B3LYP functional 
performs well for the excitation energy calculation, it is a 
single-reference method and is well known not as good as 
multireference methods in describing conical intersections. 
Instead, the nature of the excited-states MEPs was esti-
mated by computing the single-point excitation energies of 
the first three excited states from the optimized geometries 
on S0 MEP, and still some interesting features are revealed.

As shown in Fig. 2, the key feature is the inversion sym-
metry of the PECs of the two isomers. As for the (3′S)-
(M)-1 isomer, the FC relaxation on the excited state fol-
lows the S1 PEC after the molecule is excited, which results 
from the barrierless feature of the first excited state and 
high energy barriers on the second and third excited states. 

The descent of energy from the FC point on the S1 PEC 
drives the excited state isomerization towards the twisted 
intermediate conformation (3′S)-(M)-1*. The dihedral 
angle θ changes from ∼0° to −60° roughly, suggesting an 
efficient clockwise initial rotation. While for the (3′R)-(P)-1 
isomer, the PECs feature similar characteristics with that of 
the (3′S)-(M)-1 isomer, except the dihedral angle θ changes 
from ∼−180° to ∼−120° towards (3′R)-(P)-1* and is in an 
anticlockwise fashion.

As indicated in the discussion above, both S1 and S0 
PECs in Fig.  2 cannot be capable of locating the conical 
intersections between the excited state and ground state. 
Nevertheless, an excitation energy of approximately zero 
is shown at −130° for (3′S)-(M)-1 and at −50° for (3′R)-
(P)-1, which indicates that the conical intersection is in 
the range of (−60°, −130°) for (3′S)-(M)-1 and (−120°, 
−50°) for (3′R)-(P)-1, respectively. Such assumption can 
be further confirmed by carrying out ground-state geom-
etry optimizations from twisted (3′S)-(M)-1* and (3′R)-(P)-
1* conformations to locate the less-stable photochemical 
products. Interestingly, it was observed that in the inter-
mediate (3′S)-(M)-1* and (3′R)-(P)-1* conformations, the 
orientation of phenyl rings on the stator has changed from 
pointing-in the plane to pointing-out direction. Further-
more, when optimized to the ground-state minima from the 
excited-state intermediates (3′S)-(M)-1* and (3′R)-(P)-1*, 
the orientation of phenyl rings on the stator was preserved 
and less-stable structures (named as (3′S)-(P)-1 and (3′R)-
(M)-1) different with that in the original working mecha-
nism (shown in Fig. 1) were obtained. The photochemical 
products (3′S)-(P)-1 and (3′R)-(M)-1 suggest that motor 1 
should work in a slightly different manner that does lead to 
the experimentally observed thermal barriers.

3.3 � Working cycles and transition states

Taken as the rate-determining steps in the overall rotary 
cycle, the thermal helix inversions of step 2 and step 2′ 
start from the photoisomerized (3′S)-(P)-1 in the clockwise 

Fig. 2   FC relaxation directions 
and excitation energies with 
S0 MEPs for (3′S)-(M)-1 (left 
panel) and (3′R)-(P)-1 (right 
panel). The photoisomerization 
directions indicated by green 
arrows
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rotation and from (3′R)-(M)-1 in the anticlockwise rotation, 
during the first half of each rotary cycle. The location of 
transition states is of utmost importance in determining the 
rotary frequency and in understanding the working mech-
anism of the motor. To this aim, two-dimensional relaxed 
potential energy scans are carried out by changing torsional 
angle α and α′ in order to get suitable starting geometries 
for the geometry optimizations of transition states. After 
the corresponding transition states are optimized, all of the 
requisite frequency and intrinsic reaction coordinate calcu-
lations are performed to get the free energies and to verify 
the reactants and products mediated by the transition states. 
(The atomic coordinates of optimized ground and excited-
state stationary points are provided in Supporting Infor-
mation.) By means of locating all the possible stationary 

points, the proposed feasible working cycles for the clock-
wise and anticlockwise rotations are shown in Fig. 3. The 
exclusive syn-fold structures (3′S)-(P)-1 and (3′R)-(M)-1 
of the photochemical products have been theoretically pre-
dicted, which means that there is an anti-fold → syn-fold 
geometrical transformation during the rotary process. All 
the five isomers of motor 1 in step 1 and step 2 of clock-
wise rotation and another five isomers in step 1′ and step 2′ 
are depicted in Fig. 4, where also given are the relative sta-
bilities of different isomers with respect to the global stable 
isomer in each rotary cycle.

As shown clearly in Fig. 4, the clockwise and anticlock-
wise rotary cycles show highly symmetric characteristic, 
which has an opposite rotary direction but nearly equiva-
lent relative free energies for all the corresponding isomers 
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Fig. 4   Relative free energies (in kJ mol−1) at CAM-B3LYP/6−31G+(d,p) level of theory with respect to the most stable isomers of motor 1 in 
the clockwise and anticlockwise rotations
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in each cycle. The step 1 of the clockwise rotation and 
step 1′ of the anticlockwise rotation are the power stroke 
photochemical steps, which go through the excited-state 
intermediates (3′S)-(M)-1* and (3′R)-(P)-1*, respectively. 
The subsequent concerted thermal helix inversion steps are 
accomplished via the transition states TS1 and TS1′. The 
Gibbs free energies for the thermal isomerizations were 
found experimentally to be 107.9 kJ mol−1 for the energeti-
cally downhill isomerization and 120.1  kJ  mol−1 for the 
uphill isomerization [7]. Accordingly, the obtained activa-
tion barriers for the downhill isomerization (from (3′S)-
(P)-1 to TS1 for step 2 and from (3′R)-(M)-1 to TS1′ for 
step 2′) and the uphill isomerization (from (3′S)-(M)-1 to 
TS1 for step 2 and from (3′R)-(P)-1 to TS1′ for step 2′) are 
about 111.9 and 135.2 kJ mol−1, which is in good agree-
ment with the experimental ones. Also compared with the 
experimental results is the temperature effect on the rate 
constant of the thermal downhill isomerization process 
which gives the same trend as provided by the experiment 
(See Supporting Information for more detail).

As for the different photoisomerization products com-
pared with that observed from the experiment, our calcula-
tions do predict the syn-fold conformers in both clockwise 
and anticlockwise rotary cycles. Although there is lack of 
evidence for the existence of syn-fold isomers of motor 1, 
both experimental and theoretical studies have identified 
the syn-fold conformers as possible chemical constitu-
tions for certain second-generation light-driven molecular 
motors with analogous structure [17, 40].

4 � Conclusions

In summary, using long-range corrected density functional 
CAM-B3LYP, we have explored the working mechanism 
of a recently synthesized reversible light-driven molecular 
motor in detail by locating all the stationary points along 
the reaction paths. The different profiles of the ground-
state and three lowest excited-states PECs were evaluated, 
by which the unidirectional clockwise and anticlockwise 
rotary motions of the photoisomerizations can be well 
understood. Although the appreciable structures of the 
conical intersections of S0/S1 are not accurately located, 
we are able to obtain the less-stable photochemical prod-
ucts by optimizing the highly twisted molecular structures 
within a large range to the ground state. Interestingly, the 
photoisomerization products show syn-fold conformations 
which are slightly different with that in the experiments, 
for which there are possible evidences both from experi-
mental and theoretical studies of light-driven molecular 
motors with similar structures. Finally, by comparing the 
excitation energies and calculated free-energy barriers 
with the experimental values, it has been found that the 

CAM-B3LYP function cannot only give good description 
of excited states, but also show good performance for the 
thermal helix reactions.
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