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Università di Siena, Via A. Moro 2, 53100 Siena, Italy

E-mail: mike.filatov@gmail.com

1



Contents

1 Synthesis of DTMF 2

2 Analysis of the central π-bond breaking mechanism 4

3 Cyclization reaction 7

4 Computational methods 8
4.1 SSR method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
4.2 DISH-XF method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.3 Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

5 Vertical excitation energies and frontier orbitals of EP and ZP conformations 12

6 Cartesian coordinates of the S0 and S1 species and MECI points 13

7 Total charges of the rotor and the stator blades of DTMF along the S1 and S0
MEPs 19

8 Working cycle of the DTMF motor 20

9 Results of NAMD simulations 20

10 Evaluation of the total quantum yield 24

11 Multimedia files 25

References 25

1 Synthesis of DTMF

The DTMF molecule designed in this work can be synthesized by applying a sequence of
reactions reported in the literature and presented here to propose a concrete and feasible
synthetic strategy. The 5,6-dihydro-4H-cyclopenta[b]thiophen-4-one nucleus is already
reported in several articles. In particular, 3,5-dimethyl-5,6-dihydro-4H-cyclopenta[b]thiophen-
4-one (2a) was reported by Ewen et al. in a 2003 patent.1 Moreover, this nucleus can
be readily obtained by monomethylation of the methylene in α-position to the carbonyl
group of 5,6-dihydro-4H-cyclopenta[b]thiophen-4-one (1).2 This synthetic intermediate,
which represents the stator in the final molecule, can be conjugated to the commercial
product 2-Methylene succinic anhydride (3a) by Stobbe condensation using LDA in THF.3
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However, under the reaction conditions, the opening of the anhydride ring can be eas-
ily predicted and the succinic acid derivative 4a could be obtained as synthetic interme-
diate. Alternatively, Stobbe condensation can be carried out on the protected form of
the succinic derivative 5a obtaining the protected compound 6a. This intermediate can
be deprotected by means of a saponification reaction to obtain the diacid compound 4a
which upon ring-closure with acetyl chloride can provide the anhydride target compound
DTMF, see Scheme SI-1.
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Scheme SI-1: Possible synthetic route to the DTMF motor.

This synthetic strategy can not only be pursued to obtain the DTMF target compound
but also applied to combine other derivatives of 5,6-dihydro-4H-cyclopenta[b]thiophen-
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4-one scaffold that could be interesting to vary the stator. For example, the achiral sta-
tor 1 without methyl group in position 52 or a more bulky group bearing different elec-
tronic properties such as α-keto ester in the same position (2b) can be used.2 Moreover,
instead of the current stator, some other interesting nuclei based on 5,6-dihydro-4H-
cyclopenta[b]thiophen-4-one can be introduced by modifying the methyl in position 3
while preserving the chiral methyl in position 5. Indeed, the methyl on C3 can easily be
eliminated (2c) as reported by Ryabov et al.,4 or replaced with a condensed benzene in
order to increase the planarity of the substituent and extend the conjugation throughout
the entire structure (2d).5

Finally, the structural modification can be introduced at the anhydride rotor, thus in-
creasing the steric hindrance on the exocyclic double bond. In this regard, many synthetic
intermediates are commercially available, both in anhydride and in diester form. Cer-
tainly interesting is the introduction of two methyl groups reported in numerous fulgide
compounds.6–8

2 Analysis of the central π-bond breaking mechanism

The homolytic/heterolytic breaking of the central π-bond of DTMF was investigated by
considering fragments obtained by complete breaking of the C4=C3′ bond and saturating
the dangling σ-bonds by methyl group, see Figure SI-1. The geometries of the obtained
(5R)-3,4,5-Trimethyl-1-thia-5,6-dihydro-4H-pentalene (DT) and 3-Methyl-4-methylene-3H-
furan-2,5-dione (MF) fragments were optimized using the spin-restricted KS method for
the closed shell (charged) fragments and the spin-restricted open-shell KS (ROKS) method
for the radical fragments. For all the fragments, the +1, 0, and -1 overall charges were con-
sidered. The calculations employ the 6-31G* basis set and the BH&HLYP density func-
tional.

The energies of the Lewis structures obtained by homolytic/heterolytic breaking of the
central π-bond are reported in Table SI-1. The energies were estimated using the obtained
energies of the fragments less the total energy of ethylene (BH&HLYP/6-31G*: -79.768781
a.u.) and including an electrostatic interaction between the charged fragments. The lat-
ter energy was estimated as follows. The centers of the positive/negative charge in the
fragments were calculated using the Mulliken atomic charges at the optimized geometry
of the fragments. The fragments were aligned with the respective blades of the EP-DTMF
motor and the distance between the charge centers was measured. The interaction energy
between the ±1 point charges was calculated using the obtained distance.

The total energies of the Lewis structures reported in Table SI-1 indicate that the ho-
molytic breaking of the central π-bond and the heterolytic breaking resulting in charge
transfer to the MF fragment are nearly isoenergetic, the energy difference 2.5 kcal/mol.
The heterolytic breaking with charge transfer to the DT unit is energetically disfavored
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Figure SI-1: Fragments obtained by complete breaking of the central C=C bond of EP-
DTMF and saturating the dangling σ-bonds by methyl groups. The red/blue dots in
the Lewis structures show location of the center of the positive/negative charge on the
fragments.

5



Table SI-1: Total energies (in hartree atomic units, a.u.) of the fragments shown in
Figure SI-1 and the estimated total energies of the Lewis structures obtained by het-
erolytic and homolytic breaking of the central π-bond. The total energy of the EP-
DTMF molecule obtained by the SSR-BH&HLYP/6-31G* method is -1164.097200 a.u.

charge DT MF R±Q
a E±Q

b Etot
c

+1 -786.568017 -456.722048 DT+–MF− 4.163 -0.1271 -1164.030593

0 -786.768739 -457.034544 DT•–MF• – – -1164.034502

-1 -786.751132 -457.104242 DT−–MF+ 2.508 -0.2110 -1163.915395

a) Distance (Å) between the centers of the positive/negative charge on the fragments
shown in Figure SI-1.
b) Electrostatic energy (a.u.) of the charges.
c) Estimated total energy (a.u.) of the Lewis structures. The energy is obtained as a sum
of the respective fragment energies, the electrostatic energy, and less the total energy of
ethylene, -79.768781 a.u.
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by ca. 75 kcal/mol. The energy of the central π-bond of the EP-DTMF conformation
estimated from the energy of the homolytic Lewis structure and the total energy of EP-
DTMF is 39.3 kcal/mol. The near energetic equality of the homolytic and heterolytic
π-bond breaking suggests that the conical intersections between the S1 and S0 states can
be achieved by torsion and bond length alternation (BLA) distortion and do not require
any pyramidalization distortion.9

3 Cyclization reaction

Photochromism of fulgides is caused by the photochemically activated electrocyclization
reaction,10,11 see Scheme SI-2. For example, in thienylfulgide (2) the 1,3,5-hexatriene motif
(shown in blue in Scheme SI-2) undergoes facile 6π-electrocyclization to 1,3-cycloxehadiene
(red in Scheme SI-2);10 stable closed-shell molecule.
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Scheme SI-2: E/Z isomerization and cyclization of the usual fulgides and the DTMF mo-
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In DTMF (1), the hexatriene motif is replaced by a methylene-heptatriene motif (blue
in Scheme SI-2). When forced to cyclize, the latter motif acquires an open-shell electronic
structure represented by three biradical Lewis structures in Scheme SI-2. The cyclohex-
ene/hexadiene motifs shown in red in structures 2C-a – 2C-c have unsaturated valences
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which cannot be eliminated without considerable rearrangement of the chemical struc-
ture of the cyclic form. As cyclization of DTMF (and related compounds) leads to chem-
ically unstable conformation, this process is blocked by the design of the DTMF’s stator
blade (the thiapentalene moiety).

4 Computational methods

4.1 SSR method

The SSR method12–17 employed in this work to obtain the ground and excited electronic
states energies, forces on the nuclei (the analytic gradient), and the non-adiabatic coupling
(NAC) vector employs ground state eDFT18–23 to describe the non-dynamic electron cor-
relation occurring due to multireference character of the ground state and eDFT for en-
sembles of ground and excited states24–27 to obtain excitation energies from a variational
time-independent formalism. The ensemble representation of the density and energy of
a strongly correlated electronic state results in occurrence of the fractional occupation
numbers (FONs) of several frontier KS orbitals. Here, the SSR(2,2) method is used, where
two fractionally occupied orbitals accommodate two electrons in total. The energies of
the ground S0 and excited S1 states are obtained in SSR(2,2) from variational optimiza-
tion of an ensemble of a perfectly spin-paired singlet (PPS) electronic configuration and
an open-shell singlet (OSS) configuration with respect to the KS orbitals and their FONs
(the SA-REKS(2,2)14 orbital optimization), which is followed by solving a 2×2 secular
problem (

EPPS
0 ∆SA

01
∆SA

01 EOSS
1

)(
a00 a01
a10 a11

)
=

(
ES0 0
0 ES1

)(
a00 a01
a10 a11

)
(SI-1)

for the actual S0 and S1 states.15–17 The interstate coupling parameter ∆SA
01 is calculated

simultaneously with the EPPS
0 and EOSS

1 energies when optimizing the KS orbitals (and
their FONs) in the SA-REKS(2,2) calculation.15–17

The analytic gradients of the S0 and S1 energies are calculated using the formalism of
Ref. 28. The gradients of the S0 and S1 states are related to the gradients of the PPS and
OSS states and the coupling element ∆SA

01 as

∇ESk = a2
kk∇EPPS

0 + a2
lk∇EOSS

1 + 2 akk alk ∇∆SA
01 ; l 6= k ; l, k = 0, 1 (SI-2)

From the gradients ∇ESk and ∇∆SA
01 , the NAC vector H01 between S0 and S1 is calculated

as

H01 =
1

ES1 − ES0

(
2 a00 a01 G01 + h01

a00 a11 + a01 a10

)
, (SI-3)
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where

G01 =
1
2
(∇ES0 −∇ES1) (SI-4)

h01 = ∇∆SA
01 (SI-5)

g01 =
1
2
(∇EPPS

0 −∇EOSS
1 ) . (SI-6)

4.2 DISH-XF method

A detailed description of the DISH-XF method29 can be found in the original article and
the references cited therein. Here, a brief account of its basic features is given. The DISH-
XF method combines the electronic equations derived from the exact factorization of the
electronic-nuclear wavefunction30–34 with the conventional TSH formalism.35 The exact
factorization enables one to seamlessly incorporate the effect of nuclear quantum momen-
tum, which depends on the shape of nuclear distribution, into the classical equations of
motion for the nuclei.

DISH-XF is a mixed quantum-classical method where the electronic degrees of free-
dom are treated quantum mechanically and the classical description in terms of trajec-
tories is used for the nuclear degrees of freedom. For a given nuclear trajectory R(I), the
time-dependent electronic wavefunction ΦR(I)(r, t) is expanded in terms of the wavefunc-

tions of the Born-Oppenheimer (BO) states as ΦR(I)(r, t) = ∑l C(I)
l (t)φl(r; R(I)(t)) and the

time evolution of an element ρ
(I)
lk (t) = C(I)∗

l (t)C(I)
k (t) of the reduced density matrix ρ(I)(t)

is described by

d
dt

ρ
(I)
lk (t) =

i
h̄

{
E(I)

l (t)− E(I)
k (t)

}
ρ
(I)
lk (t)−∑

j

{
σ
(I)
l j (t)ρ(I)

jk (t)− ρ
(I)
l j (t)σ(I)

jk (t)
}

+ ∑
j

{
Q(I)

jl (t) + Q(I)
jk (t)

}
ρ
(I)
l j (t)ρ(I)

jk (t) (SI-7)

where E(I)
l and φl(r; R(I)(t)) are the energy and the wavefunction of the l-th BO state,

σ
(I)
jk is a non-adiabatic coupling matrix element between the jth and kth BO electronic

states, and Q(I)
jk is a term that gives quantum correction to the nuclear motion arising

from electronic-nuclear correlations;32–34 the latter term is derived from the exact factor-
ization of the electronic-nuclear wavefunction.29 In Eq. (SI-7),the superscript (I) indicates
a quantity obtained at the nuclear configuration R(I).

In Eq. (SI-7), the Q(I)
jk term yields coupling between the nuclear quantum momenta
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ih̄∇ν|χ|/|χ| and the electronic phases f(I)
ν,j and f(I)

ν,k

Q(I)
jk = ∑

ν

ih̄
Mν

∇ν|χ|
|χ|

∣∣∣∣∣
R(I)(t)

·
(

f(I)
ν,j − f(I)

ν,k

)
(SI-8)

where Mν is a mass of the νth nucleus. The nuclear quantum momenta are obtained from
a number of auxiliary nuclear trajectories generated for electronic states other than the
running state l. Although the concept of auxiliary trajectories for decoherence-induced
surface hopping dynamics is not new,36 the correction used here is derived from the exact
quantum equations and no further renormalization of the electronic density matrix is
needed.

An auxiliary trajectory R(I)(t′) is generated when a nonzero ρkk(t′) is encountered at
a time t′ and is evolved classically with a uniform velocity obtained from the energy con-
servation law. The electronic phase term f(I)

ν,k = −
∫ t∇νE(I)

k (t′)dt′ is evaluated by time
integration of the momentum changes at the kth BO state. To calculate the quantum mo-
mentum, a fictitious Gaussian nuclear density |χk|2 with a uniform variance σ is associ-
ated with the auxiliary trajectory at each BO state. Then, the nuclear quantum momentum
is ∇ν|χ|/|χ|(R(I)(t)) = − 1

2σ2 (R(I)
ν (t)− 〈R(I)

ν (t)〉), where 〈R(I)
ν (t)〉 = ∑k ρ

(I)
kk R(I)

kν (t). The
uniform variance σ can be either obtained from the initial distribution of nuclear trajecto-
ries or set as a parameter. Here, a uniform value σ = 0.1 a.u. is used.

Nuclear trajectories follow the Newtonian equations of motion on the PES of the run-
ning state l, i.e., the force on the νth nucleus is F(I)

ν = −∇νE(I)
l . When the surface hop

probability becomes greater than a random number, a surface hop is initiated. The sur-
face hop probability from the running state l to another state k( 6= l) at a time interval
[t, t + ∆t] is calculated as

Pl→k =
2<
[
ρ
(I)
lk (t)σ(I)

lk (t)
]

ρ
(I)
ll (t)

∆t , (SI-9)

where the same constraints as in the Tully’s fewest switches algorithm35,37 are imposed
on the hopping transition; i.e., when E(I)

k is greater than the total energy, the transition is
forbidden and, when a negative hopping probability is obtained (e.g., due to the phase
factor of ρ

(I)
lk (t)), the probability is set to zero. Upon a successful surface hop, the nuclear

velocities are rescaled to satisfy the total energy conservation, and the running state is
switched to the new state.
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4.3 Computational details

All the quantum chemical computations are carried out using the beta-testing version of
the TeraChem R© program38–43 (v1.92P, release 7f19a3bb8334), which implements the SSR
method and the analytic derivatives formalism.28 All the calculations employ the 6-31G*
basis set44 and the BH&HLYP exchange-correlation density functional.45–47 The geometry
optimizations are performed using the DL-FIND module48 interfaced with TeraChem R©.
The geometries of the conical intersections are optimized by the CIOpt program49 with
the penalty function formalism and using the analytic energy gradients of the intersecting
states.

The minimum energy pathways (MEPs) are obtained using the nudged elastic band
(NEB) method with fixed end points.48 The NEB method has an advantage that it con-
verges to a MEP provided that sufficient number of discrete images are used.50 For the
S0 and S1 states, the following MEPs are optimized: EP S0min→ CI90, CI90 → ZP S0min,
ZP S0min→ CI270, CI270 → EP S0min; when joined, the MEPs complete a full loop of the
motor. The EP S0min → CI90 and ZP S0min → CI270 legs of the total MEP comprise 40
discrete images, and the other two legs comprise 60 images.

The NAMD simulations are performed by the UNI-xMD program, a standalone code
which implements the DISH-XF method.29 When calculating the NAC vector, the gra-
dients ∇ESk (k = 0, 1) and ∇∆SA are calculated by the TeraChem R© program and then
picked up by an external script that implements Eq. (SI-3); the calculated NAC vectors,
analytic gradients, and the S1 and S0 energies are parsed to the UNI-xMD code. The nu-
clear equations of motion are integrated using the velocity-Verlet algorithm with the time
step of 20 a.u. (0.48 fs). The electronic equations of motion (SI-7) are integrated by the 4-th
order Runge-Kutta method with the time step of 0.002 a.u. (4.8× 10−5 fs). When integrat-
ing the electronic equations of motion, the electronic energies E(I)

l and the non-adiabatic

σ
(I)
lk couplings are linearly interpolated between the end points of the integration interval

of the nuclear equations of motion.
The initial conditions at the start of the NAMD trajectories are set up by sampling the

Wigner function of a canonical ensemble at T = 300K.51,52 The trajectories starting at the
EP conformation were propagated for 800 steps (384 fs) and the trajectories starting at the
ZP conformation for 1000 steps (480 fs). To simulate dissipation of the total energy, when
the motor molecule works under the load (i.e., produces some work on the surround-
ing molecules during the isomerization stage), the nuclear velocities were rescaled at the
intervals of 200 steps to match the nuclear kinetic energy at T=300K.
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5 Vertical excitation energies and frontier orbitals of EP
and ZP conformations

At the equilibrium geometries of the S0 conformations of DTMF optimized by the SSR-
BH&HLYP/6-31G* method, the vertical excitation energies were calculated by TD-DFT,
TD-BH&HLYP/6-31G*. Table SI-2 reports the two lowest excitation energies obtained in
TD-DFT calculations and compares with the excitation energies obtained by SSR. The S1
excited state corresponds to a π → π∗ transition centered around the C4=C3′ bond, as
evidenced by the orbitals shown in Figure SI-2. For SSR, the two fractionally occupied
natural orbitals obtained from the relaxed density matrix of the S1 state are shown along
with the respective occupation numbers. For TD-DFT, the frontier orbitals obtained in the
conventional KS calculation are shown in Figure SI-2.

SSR(S1) KS/TD-DFT

LUMO

HOMO

HOMO-1

n68=1.060

n69=0.937

EP-DTMF

SSR(S1) KS/TD-DFT

LUMO

HOMO

HOMO-1

n68=1.053

n69=0.942

ZP-DTMF

Figure SI-2: Fractionally occupied SSR natural orbitals for the S1 state and frontier orbitals
of KS/TD-DFT.

According to TD-DFT the S1 state is a π → π∗ (HOMO→ LUMO) transition and the
S2 state is a HOMO-1→ LUMO transition, see Figure SI-2. The S2 state lies ca. 0.6–0.9 eV
above the S1 state and has a very low oscillator strength. Hence, it’s unlikely that S2 can
be involved in the photochemistry of DTMF.

The UV absorption spectra of the EP and ZP conformers were simulated theoreti-
cally by convolution of the vertical excitations calculated at one hundred geometries ob-
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Table SI-2: Vertical excitation energies (eV) of the ground state equilibrium confor-
mations of DTMF motor obtained in the SSR-BH&HLYP/6-31G* and TD-BH&HLYP/6-
31G* calculations. Oscillator strengths of the transitions are given in parentheses.

SSR TD-DFT
conformation S1← S0 S1← S0 S2← S0

EP 4.02 (0.35) 4.09 (0.33) 4.92 (0.04)
EM 3.87 (0.33) 3.98 (0.36) 4.86 (0.03)
ZP 3.99 (0.44) 4.08 (0.42) 4.69 (0.09)
ZM 3.80 (0.40) 3.93 (0.44) 4.61 (0.06)

tained from sampling the Wigner function of the respective conformer at T=300K. The
Lorentzian lineshape L(λ; λi, fλi) = fλi

σ2

σ2+(λ−λi)
, centered around the calculated exci-

tation wavelengths λi with an amplitude given by the respective oscillator strength fλi
and broadened by a uniform width σ = 10 nm was used to simulate the spectra. For TD-
DFT, four lowest excited states were used; for SSR, the S1 state only was included. The
resulting absorption spectra are shown in Figure SI-3. Both methods, SSR and TD-DFT,
predict very close absorption maxima for the S1 ← S0 transition; 318 nm (SSR) and 314
nm (TD-DFT) for the EP conformation and 318 nm (SSR) and 312 nm (TD-DFT) for the
ZP conformation. However, at wavelengths in the range 340–360 nm typically employed
in the experimental measurements on molecular motors, the absorbance of DTMF drops
by only a half. Hence, the DTMF motor can possibly operate at these wavelengths.

The emission spectra, see Figure 3 of the main article, were simulated by the SSR
method using the approach outlined in Ref. 53. The emission intensity

Iems(λ, t) ∝
1

λ3

Nt
S1

∑
k

L(λ; λk, fλk) (SI-10)

where Nt
S1

is the number of trajectories residing in the S1 state at an instance t and λk and
fλk are the absorption wavelength and the oscillator strength of the S1 ← S0 transition of
k-th trajectory. The calculated emission intensities shown in Figure 3 of the main article
were then renormalized so as to make the maximum intensity equal to unity.

6 Cartesian coordinates of the S0 and S1 species and MECI
points

Cartesian coordinates and total energies of the species reported in the main article.
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EP

ZP

Figure SI-3: Theoretical absorption spectra of the EP (upper panel) and ZP (lower panel)
conformations of DTMF simulated by the SSR-BH&HLYP/6-31G* method (red lines) and
the TD-BH&HLYP/6-31G* method (blue lines).
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Table SI-3: Cartesian coordinates (Å) and S0 and S1 total energies (hartree a.u.) of
equilibrium conformations of DTMF obtained in SSR-BH&HLYP/6-31G* calculations.

X Y Z X Y Z X Y Z X Y Z

EP conformation EM conformation ZP conformation ZM conformation

C 2.342064 3.057884 -1.701411 2.933347 3.104039 -0.722343 2.420644 3.267924 -0.714727 2.629386 2.858580 -1.364805
C 1.040453 2.289146 -2.059362 1.465343 3.304279 -0.269893 0.993665 2.788753 -1.082443 1.102323 2.788508 -1.119530
C 0.623766 1.672602 -0.727244 0.881885 1.896197 -0.105059 0.759585 1.607601 -0.151876 0.854809 1.486504 -0.354128
H 2.123423 4.098199 -1.463533 3.643945 3.573172 -0.044937 2.382201 4.062191 0.029539 3.075697 3.766526 -0.964444
H 3.060507 3.053062 -2.516661 3.099850 3.539755 -1.705872 2.963592 3.650952 -1.574979 2.850382 2.843308 -2.430464
H 0.272844 2.957144 -2.427248 1.426807 3.817727 0.686747 0.264840 3.569473 -0.888328 0.803382 3.632662 -0.499719
C -0.658219 1.463506 -0.363237 -0.418386 1.679969 0.195580 -0.465224 1.291270 0.323206 -0.394958 1.057483 -0.058587
C 1.302690 1.219371 -3.121211 0.699397 4.139079 -1.296929 0.922186 2.368905 -2.553203 0.347806 2.836345 -2.449207
H 2.079596 0.531101 -2.796689 0.700667 3.646224 -2.267146 1.705873 1.650583 -2.779695 0.682710 2.026587 -3.092654
C -1.278242 1.231558 0.937408 -1.295144 0.532335 -0.001000 -1.779244 1.814527 -0.049200 -1.654074 1.799068 0.016141
C -2.706356 0.935060 0.663629 -2.511635 0.796927 0.802628 -2.745868 1.199275 0.898813 -2.693052 0.802129 0.384119
O -2.931862 1.139069 -0.669596 -2.425049 2.074517 1.284783 -2.051306 0.419286 1.774643 -2.109227 -0.428656 0.435191
C -1.780469 1.505271 -1.324646 -1.247109 2.676957 0.908460 -0.701458 0.451211 1.513376 -0.767350 -0.355271 0.141773
O -3.570425 0.610459 1.409747 -3.452819 0.103964 1.010466 -3.926409 1.314694 0.949432 -3.847434 0.967581 0.608660
O -1.800728 1.756151 -2.488117 -1.017511 3.799529 1.231667 0.063847 -0.080985 2.249709 -0.135220 -1.348713 -0.020856
C -0.871880 1.453477 2.183699 -1.285833 -0.446422 -0.902126 -2.243187 2.617244 -1.004584 -1.999672 3.081663 -0.073139
H 0.120281 1.797522 2.415876 -0.479941 -0.572671 -1.603644 -1.627526 3.080181 -1.752045 -1.312983 3.870387 -0.319049
H -1.565127 1.315297 2.996424 -2.120646 -1.124588 -0.958543 -3.302365 2.809475 -1.042160 -3.025499 3.352582 0.111613
C 3.664323 0.924007 1.321373 3.502782 -0.757630 -0.465476 4.026204 -0.078534 0.555561 4.064634 -0.120041 0.716363
S 4.308422 2.158870 0.289671 4.430736 0.621596 -0.949114 4.600581 1.495489 0.109323 4.698932 1.119653 -0.314262
C 2.807833 2.304439 -0.503499 3.077373 1.628068 -0.721541 3.003410 2.015872 -0.159350 3.121831 1.650421 -0.661517
C 1.850957 1.492853 0.036835 1.952806 0.939935 -0.352980 2.076184 1.056050 0.142036 2.150481 0.885263 -0.070419
C 2.359690 0.640195 1.086040 2.217611 -0.471197 -0.146462 2.677936 -0.201573 0.528630 2.713102 -0.139871 0.791183
H 4.312333 0.431844 2.022505 3.980965 -1.716749 -0.394000 4.736057 -0.850883 0.785742 4.743247 -0.757843 1.251097
H 0.398315 0.659076 -3.329370 -0.323375 4.313155 -0.991940 -0.030152 1.906849 -2.795982 -0.724072 2.743444 -2.327538
H 1.627947 1.689003 -4.046255 1.180237 5.107774 -1.412321 1.056209 3.233088 -3.199473 0.551706 3.775917 -2.957501
C 1.662340 -0.522559 1.724353 1.327610 -1.507003 0.470492 1.997925 -1.519349 0.738670 2.013397 -1.041207 1.761318
H 1.159983 -1.126591 0.972434 0.592664 -1.905256 -0.221248 1.166814 -1.642617 0.048639 1.539637 -1.881597 1.271501
H 2.382130 -1.154204 2.235296 1.928056 -2.337419 0.828785 2.699939 -2.329024 0.562352 2.727351 -1.411529 2.490730
H 0.907211 -0.227413 2.444889 0.779165 -1.100864 1.315067 1.598850 -1.612528 1.740474 1.236529 -0.504483 2.300234

E(S0) -1164.097199 -1164.091709 -1164.096570 -1164.091135
E(S1) -1163.949437 -1163.949390 -1163.949851 -1163.951598
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EPZM

ZP EM

θ = 13.9ºθ = 156.2º

θ = 192.7º θ = 336.4º

Figure SI-4: Molecular geometries of the ground state minima. For definition of the cen-
tral dihedral angle θ, see Scheme 1 of the main text.
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Table SI-4: Cartesian coordinates (Å), branching plane vectors (hartree/bohr) and total
energies (hartree a.u.) of S1/S0 MECI points of DTMF obtained in SSR-BH&HLYP/6-
31G* calculations.

Cartesian coordinates g-vector h-vector
X Y Z X Y Z X Y Z

CI90

C 2.657861 2.880386 -1.593348 0.042394 -0.012621 0.012921 0.005955 -0.021046 -0.022851
C 1.125245 2.639836 -1.646150 -0.149866 0.025851 -0.037432 0.070910 -0.276575 -0.242124
C 0.849064 1.568102 -0.608826 0.080140 0.007953 -0.053804 0.024322 -0.014621 0.046519
H 2.898163 3.916548 -1.365412 -0.015228 0.010976 -0.013161 -0.022858 -0.001171 0.001599
H 3.135938 2.649827 -2.545490 -0.011502 0.007316 -0.021962 0.020171 0.005902 0.002725
H 0.604036 3.539052 -1.314095 0.026763 0.045981 -0.046321 -0.013763 -0.044496 0.055004
C -0.456254 1.062872 -0.310429 0.128250 0.384925 0.265910 -0.046027 0.018354 -0.048651
C 0.602240 2.287377 -3.039511 0.050935 0.039440 0.030385 -0.000019 0.043171 -0.030429
H 1.074947 1.385547 -3.418317 0.003360 -0.002273 0.000909 0.001113 0.007504 0.006302
C -1.382137 1.576507 0.640239 -0.067709 -0.271602 -0.175183 0.206136 -0.296761 0.296007
C -2.567974 0.670926 0.557844 -0.100251 0.028761 0.078025 -0.002130 -0.009170 -0.008871
O -2.299275 -0.298115 -0.354750 0.070772 -0.016739 -0.050954 0.039431 -0.061445 0.087045
C -1.033292 -0.107838 -0.909759 -0.270993 -0.459445 -0.233279 -0.241594 0.351895 -0.446219
O -3.592070 0.731816 1.158193 0.056185 -0.000120 -0.031311 -0.004227 0.010913 -0.009415
O -0.599953 -0.872552 -1.722830 -0.056180 0.212625 0.194063 0.038562 -0.056403 0.070749
C -1.346250 2.632480 1.467628 0.074043 0.084115 0.004652 0.003681 0.031487 -0.010287
H -0.498700 3.295480 1.509006 0.004272 -0.017804 -0.009583 0.003215 -0.006019 0.006887
H -2.192346 2.847933 2.095000 -0.011468 -0.006738 0.002809 -0.011918 0.017374 -0.021850
C 3.802377 0.363460 1.215567 0.088205 0.041504 -0.025510 0.000883 0.006770 0.003656
S 4.582335 1.542342 0.184281 0.133829 -0.089518 0.106996 0.008058 -0.030913 -0.028705
C 3.095674 1.951837 -0.517521 -0.196243 -0.095434 0.094662 0.003008 -0.008915 -0.006303
C 2.052020 1.220865 0.022094 0.148875 0.030071 0.002051 -0.065029 0.336080 0.312275
C 2.468594 0.278635 1.034657 0.014020 0.073712 -0.064311 -0.001981 -0.007948 -0.003078
H 4.404814 -0.208362 1.896057 -0.001876 -0.003765 0.004353 0.000408 -0.002628 -0.003257
H -0.468767 2.120139 -3.014112 -0.020560 0.004766 -0.024586 -0.003243 -0.001351 -0.004056
H 0.802511 3.102546 -3.729849 -0.012421 -0.002092 -0.022482 -0.011997 -0.002629 -0.009044
C 1.559780 -0.670972 1.744283 0.013699 0.018216 -0.019865 0.001104 0.012028 0.008360
H 1.086731 -1.348202 1.036893 -0.000274 -0.023861 0.003947 -0.003701 0.003889 -0.006998
H 2.111119 -1.263884 2.466497 -0.015886 -0.007308 0.003466 -0.000204 -0.000096 -0.000183
H 0.767368 -0.139187 2.264257 -0.005284 -0.006892 0.024597 0.001733 -0.003180 0.005195

E(S0) -1164.017188
E(S1) -1164.017183

CI270

C 2.660708 2.875264 -1.607496 0.041995 -0.011280 0.018669 -0.003449 0.020267 0.023660
C 1.129404 2.633806 -1.666880 -0.168156 0.057027 -0.023466 -0.056654 0.254043 0.244106
C 0.846638 1.572856 -0.621152 0.096264 -0.066194 -0.087090 0.052757 -0.038803 0.058824
H 2.900500 3.914481 -1.387115 -0.016453 0.009718 -0.014128 0.023571 0.002625 -0.002313
H 3.140201 2.631972 -2.554279 -0.011663 0.007091 -0.023977 -0.023494 -0.005655 -0.002725
H 0.602349 3.530118 -1.335484 0.033021 0.048604 -0.057555 -0.005557 0.045688 -0.040380
C -0.463952 1.085845 -0.327521 0.226855 -0.228661 -0.296636 -0.043781 0.062356 -0.044466
C 0.610774 2.281184 -3.060682 0.048574 0.040195 0.033609 -0.007269 -0.046288 0.037653
H 1.102457 1.391234 -3.447401 0.006373 -0.007153 -0.001443 0.000763 -0.007048 -0.008503
C -1.158889 -0.022188 -0.884676 -0.137507 0.199996 0.213539 0.172561 -0.261341 0.325670
C -2.497822 -0.015217 -0.219432 -0.085990 -0.092157 -0.027909 -0.003204 0.005456 0.001835
O -2.538095 1.028706 0.645786 0.053793 0.063881 0.023108 0.042447 -0.072985 0.084821
C -1.329369 1.721270 0.626543 -0.395276 0.226359 0.379087 -0.228405 0.386489 -0.447064
O -3.406417 -0.767003 -0.369171 0.055416 0.040342 0.003404 -0.001901 0.007926 -0.011131
O -1.162090 2.682802 1.319725 0.013072 -0.229052 -0.192190 0.031838 -0.069218 0.076261
C -0.810702 -0.974429 -1.763122 0.095639 -0.011296 -0.056458 -0.008205 0.002233 -0.008847
H 0.164319 -1.000147 -2.219004 -0.002532 0.016420 0.012856 0.001189 -0.002269 0.002265
H -1.511950 -1.747935 -2.024430 -0.011847 -0.004318 0.005779 -0.008876 0.015061 -0.020891
C 3.792462 0.369351 1.217778 0.093221 0.042228 -0.027361 0.006805 -0.002737 -0.004937
S 4.577629 1.541603 0.180411 0.137264 -0.094459 0.110704 -0.009804 0.028935 0.032321
C 3.092768 1.951401 -0.524886 -0.202166 -0.101868 0.096144 0.001940 0.011368 0.002476
C 2.045370 1.228807 0.019718 0.155153 0.038079 0.005414 0.055596 -0.336643 -0.308810
C 2.456980 0.295285 1.043266 0.013914 0.073678 -0.069531 -0.003428 -0.003154 0.009671
H 4.395186 -0.208952 1.893445 -0.002116 -0.003481 0.005102 -0.000628 0.002530 0.003224
H -0.458755 2.098188 -3.037211 -0.018824 0.006034 -0.024522 0.001101 0.000838 0.000593
H 0.797574 3.103585 -3.748069 -0.010907 -0.003455 -0.022253 0.011105 -0.000896 0.013780
C 1.550963 -0.651833 1.762187 0.014769 0.018538 -0.021498 0.011796 -0.001784 -0.012175
H 1.066771 -1.320985 1.054262 0.002213 -0.024157 0.007105 -0.001653 -0.005121 -0.000775
H 2.111091 -1.250853 2.472873 -0.016173 -0.005986 0.005105 -0.000224 0.000064 0.000096
H 0.766374 -0.126383 2.300329 -0.007925 -0.004672 0.026391 -0.006940 0.008064 -0.004236

E(S0) -1164.016796
E(S1) -1164.016791
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CI90

CI270

g-vector                             h-vector

g-vector                             h-vector

θ = 91.4º

θ = 270.7º

Figure SI-5: Branching plane vectors of the MECI points of DTMF motor. For definition
of the central dihedral angle θ, see Scheme 1 of the main text.
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7 Total charges of the rotor and the stator blades of DTMF
along the S1 and S0 MEPs

The total charges on the rotor and the stator blades, see Figure SI-6, were calculated by
summing up the Mulliken charges on the respective atoms. The Mulliken charges were
calculated from the relaxed SSR density matrices28 of the S1 and S0 states. The relaxed
density matrices calculated by the TeraChem R© program were saved in the form of the
natural orbitals and orbital occupation numbers to an external file in the “molden” for-
mat. The SSR natural orbitals were used by the OrbKit suite54 to obtain the Mulliken
charges.

θ, deg.
BLA, Å

|Q
|, 

e

EP
ZM ZP

EPEM

CI90

CI270

Figure SI-6: Absolute value |Q| of the total charge on the rotor and the stator blades of
DTMF along the S1 (red) and S0 (blue) MEPS as a function of the central dihedral angle θ
(see Scheme 1 for definition) and the BLA distortion.

Near the FC points, the total charge Q indicates that both states, S1 and S0, possess
covalent character. On the S0 MEP, the absolute value of the charge Q on the rotor and
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the stator steadily increases and near the CIs reaches values of ca. 0.45; which indicates
heterolytic breaking of the C4=C3′ π-bond. On the S1 MEP, the charge Q slightly increases
as the MEP departs from the FC points (BLA motion) and remains close to ±0.3; the
S1 state thus retains covalent character. In the proximity of the CIs, the S1 MEP passes
through a narrow region where the S1 state becomes ionic; Q ≈ ±0.5− 0.6.

8 Working cycle of the DTMF motor

Using the optimized S0 minima, the CIs, and the MEPs, the working cycle of the DTMF
motor shown in Figure SI-7 is proposed.

EP

ZP EM

ZM
CI90

CI270

TSEMEP

TSZMZP

S1S0

S1

S0

S0

S0

S0

S0

hν

hν

Figure SI-7: Schematic representation of the working cycle of the DTMF motor. The wavy
magenta arrows show photoexcitation events.

9 Results of NAMD simulations

Starting from each equilibrium conformation, EP and ZP, 62 trajectories (31 per each start-
ing point) were prepared by sampling the Wigner function of the respective initial con-
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formation. The “EP” trajectories were propagated for 384 fs (800 steps) and the “ZP”
trajectories for 480 fs (1000 steps). During the propagation all the trajectories underwent
transition to the S0 state.

The products of the photo-reaction were analyzed by visual inspection of the snap-
shots along the trajectories (taken at each step) and by distribution of the central dihedral
angle θ, see Scheme 1 of the main article. The distributions of the central dihedral angle θ
at the start and at the end of the EP and ZP trajectories are shown in Figure SI-8; see also
Figure 3 of the main article.

EP-trajectories

ZP-trajectories

Figure SI-8: Distribution of the central dihedral angle θ at the start of the trajectories
(green) and at the end of the trajectories (red). For the values of the dihedral angle θ of
the ground state minima and S1/S0 CIs, see Figures SI-4 and SI-5, respectively.

At the end of the EP trajectories, 14 trajectories fell back to the EP conformation and
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17 ended up in the ZM conformation; the quantum yield of isomerization is φEP→ZM =
0.55. Out of the 31 ZP trajectories 10 returned back to the ZP conformation and 21 moved
forward to the EM conformation; φZP→EM = 0.68.

The distribution of the S1 → S0 hop times for the EP and ZP trajectories is shown in
Figure SI-9. The average hop times and the standard deviations, 〈t〉(σt), for the EP and the
ZP trajectories are 203(35) fs and 277(53) fs, respectively. The normal distributions with
these parameters are shown with blue curves in Figure SI-9.

EP-trajectories

ZP-trajectories

Figure SI-9: Distribution of hop times for the EP (upper panel) and ZP (lower panel)
trajectories.

Population of the S1 state as a function of propagation time was calculated as a frac-
tion of all the trajectories residing in the S1 state at a given instance t. The S1 populations
for the EP and the ZP trajectories are plotted in Figure SI-10. The populations were fit-
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ted by a monoexponential function f (t) = e−
t−t0

τ , where t0 is the latency time and τ is
the exponential decay parameter. Table SI-5 collects the obtained exponential regression
parameters as well as the regression coefficients R2. The monoexponential fits are suffi-
ciently reliable as evidenced by the R2 values in excess of 0.95. The use of biexponential
function for nonlinear regression of the S1 populations did not lead to any improvement
of the monoexponential regression reported in Table SI-5 and Figure SI-10.

EP-trajectories

ZP-trajectories

Figure SI-10: Dependence of the S1 state population n on propagation time for the EP
(upper panel) and ZP (lower panel) trajectories. The S1 populations are shown by blue
dots and the exponential fits are shown by the red curves.
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Table SI-5: Parameters of the monoexponential fit of the S1 populations for the EP and
the ZP trajectories. Standard errors of the estimates are given parenthetically. The R2

parameters of the exponential regression are given in the fourth column.

t0, fs τ, fs R2

EP trajectories 157(2) 57(4) 0.983
ZP trajectories 198(4) 104(8) 0.971

10 Evaluation of the total quantum yield

The full working cycle of the DTMF motor involves two photoisomerizations, both of
which have slightly different isomerization quantum yields. Here, we attempt to deter-
mine the total quantum yield of the working cycle under a number of simplifying as-
sumptions. First, it is assumed that a quantum is absorbed only when the molecule is in
the EP or ZP conformation. Next, a complete conversion of the M diastereomers to the P
form is assumed, i.e., the fraction of the EM (or ZM) conformation completely converts to
EP (or ZP).

Table SI-6: Fractions of DTMF isomers during full working cycle. The quantum yields
of the EP→ZM and ZP→EM photoisomerization reactions are φ1 and φ2, respectively.
The fraction of the EP isomer is a.

EP ZM ZP EM
a 0 1− a 0

EP→ZM a(1− φ1) aφ1 1− a 0
ZM→ZP a(1− φ1) 0 1− a + aφ1 0
ZP→EM a(1− φ1) 0 (1− a + aφ1)(1− φ2) (1− a + aφ1)φ2
EM→EP a(1− φ1) + (1− a + aφ1)φ2 0 (a− a + aφ1)(1− φ2) 0

Under these assumptions the fractions of each isomer of DTMF at each step (stroke)
of the working cycle are collected in Table SI-6. The quantum yields of the EP→ZM and
ZP→EM photoisomerization reactions are denoted as φ1 and φ2 and the fractions of the
EP and ZP isomers are a and 1− a, respectively. We are interested how large a fraction
of the EP conformation carries out full revolution at the end of the working cycle. From
the assumption of 100% efficiency of the thermal step and from the fraction of the EM
isomer at the end of the second photostep it follows that the (1− a+ aφ1)φ2 fraction of EP
conformer performs the full revolution (fifth column in the fourth row in Table SI-6). The
equilibrium fraction of the EP conformation can be found by equating the initial fraction
a of EP with its fraction at the end of the cycle, i.e., the last row of the second column in
Table SI-6, a = a(1− φ1) + (1− a + aφ1)φ2. This yields a = φ2

φ1+φ2−φ1φ2
. Substituting this
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value to (1− a + aφ1)φ2 yields

Φ =
1
2

φ1φ2

φ1 + φ2 − φ1φ2
, (SI-11)

where the 1/2 prefactor follows from the fact that two quanta were absorbed per revolu-
tion. The theoretical upper limit of Φ is 0.5, i.e., one revolution per two quanta; it can be
achieved only if φ1 = φ2 = 1. For the DTMF motor with φ1 = 0.55 and φ2 = 0.68, the
total quantum yield Φ = 0.22. For a motor with quantum efficiency of both photoisomer-
ization steps not exceeding 0.3, the total quantum yield is below 0.09.

11 Multimedia files

The following multimedia files are available:
1) Cartoon (dtmf-mep-cycle.gif) showing animated geometric transformations occur-

ring along the working cycle of the DTMF motor (highlighted in Figure 2 of the main
article), see also Figure SI-7 of the Supporting Information.

2) Animation (dtmf-ep-frwd.gif) of the forward propagating trajectories (EP → ZM)
starting in the EP conformation.

3) Animation (dtmf-ep-back.gif) of the backward propagating trajectories (EP→ EP)
starting in the EP conformation.

4) Animation (dtmf-zp-frwd.gif) of the forward propagating trajectories (ZP → EM)
starting in the ZP conformation.

5) Animation (dtmf-zp-back.gif) of the backward propagating trajectories (ZP→ ZP)
starting in the ZP conformation.
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