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Supplementary Figure 9: (S)-Citronellal in the active site of AacSHC. (S)-Citronellal (green) 
is manually modelled in the (S)-9 eae configuration into the active site using AacSHC crystal 
structure pdb 1UMP. This model does not serve for quantitative interpretation, however, it 
reveals the distance between bound (S)-citronellal and isoleucine at position 261. D376 is 
shown in gray sticks. The mutant library was initially designed to diversify the hydrophobic 
active site shapes. However, the increase of (S)-citronellal activity as well as the exclusive 
product selectivity (by conformational control) of the I261A mutation cannot easily be 
explained by changing the active site shape and introducing steric hindrance which keeps the 
substrate in a folded, productive conformation. This is due to the long distance between I261 
and D376 (14 Å, see Fig. S7). Even more surprising, the substitution to the smaller alanine 
significantly increased the activity, whereas the incorporation of the large tryptophan did not 
show a positive effect. 
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ligand interactions were revealed by docking simulations.
The putative orientation of (!)citronellal in OLFR49 is
shown in Fig. 3. A key difference to OLFR43 is the loca-
tion and nature of polar residues. As can be seen in
Fig. 3 the aldehyde group of (!)citronellal is connected
to Y102 of helix 3 and T278 in OLFR49. In contrast,
OLFR43 as well as the two human receptors possess a
methionine at the equivalent position. Docking studies of
OLFR43 propose different hydrogen bond connections to
the aldehyde group in this receptor (See Table 2).

Discussion

Ortholog receptors from different species recognize sim-
ilar ligands. In the case of OLFR43 and its human ortholog
OR1A1 this has been confirmed experimentally for the
odorant (!)citronellal. Our studies reveal identical interac-
tions of (!)citronellal with OLFR43 and OR1A1. The
putative binding site differs at one position only, where a
conservative valine is replaced by an isoleucine. According
to our docking predictions, this residue is not directly
involved in ligand–receptor interaction. Furthermore, our
studies suggest only slight modifications in the binding site
of OR1A2, a paralog of OR1A1 with 83.5% sequence iden-
tity. Differences include substitutions of T254 to a valine
and V277 to a threonine which are presumably involved
in van der Waals interactions with (!)citronellal. These
slight modifications, together with more significant changes
in the vicinity of the ligand binding site could be responsi-
ble for the slight increase in EC50 value (see Table 2). This
is in agreement with experiments [5], which showed that
conservative changes in the binding site result in subtle effi-
cacy changes. Comparison of these results with OLFR49,
which is only distantly related to the above mentioned
receptors, strengthens the hypothesis that each odorant
molecule possesses different ‘‘odotypes’’, resulting in differ-
ent interactions with different receptors. Our docking sim-

ulations reveal that the aldehyde group interacts with
different amino acids in OLFR43 and OLFR49 (see Table
2 and Fig. 3). These two receptors also exhibit different
specificity for functional groups, because OLFR43
responds also to alcohols (e.g. (!)citronellol, geraniol),
while OLFR49 does not recognize (!)citronellol [24]. It
seems that ORs exhibit various degrees of specificity. Such
a scenario has been proposed for olfactory receptor I7 from
Rattus norvegicus, where the aldehyde group was shown to
be of critical importance for receptor activation [13]. In
contrast the human odorant receptor OR1G1 does not dis-
criminate between functional groups [12] further strength-
ening the hypothesis that receptors recognize different
features of odour molecules.

Our models also reveal an OR specific structure feature
involving helix 3 and 7, which could be important for sta-
bilizing the receptor in the inactive form. The functional
importance of this motif can be tested experimentally and
will help understanding receptor activation, which is
expected to be different in ORs, because of the lack of a
otherwise highly conserved sequence motif in helix 6, which
is thought to play a key role in activation. In addition, a
more detailed knowledge of receptor activation will
improve receptor–ligand interactions studies, because up
to now all models using bovine rhodopsin as template are
describing inactive receptors.

Recently a new paper was published dealing with struc-
tural determinants of odorant recognition of the human
ORs OR1A1 and OR1A2. The experimentally confirmed
binding site residues are in good agreement with our inde-
pendent findings, validating our predictions [25].
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lines to rotational transitions of a certain conformer was performed
through a recurrent fit based on Watson’s A-reduced rigid rotor
Hamiltonian as implemented in PGOPHER38 and JB95.39 As a
result, rotational constants (A, B, C) and quartic centrifugal
distortion constants (DJ, DK, DJK, dJ, dK) were well determined
for most of the conformers. The experimentally determined
parameters are shown in Table 1. We note that line splittings
due to methyl group internal rotation are present for a number
of conformers. However, further analysis concerning internal
dynamics is out of the scope of this paper.

A complete assignment of the fifteen reported conformers
was facilitated using the automated spectral fitting program
AUTOFIT16 that uses estimated rotational constants and dipole
moments as a starting point and delivers refined candidates
based on a least-squares fitting algorithm. We note that within
the set of fifteen assigned conformers, in addition to their distinct
rotational constants, unique signatures differentiate them solely
based on the type of spectrum observed (see Table 1). As an
example, conformers I, II and III have distinct spectral types: whilst
conformer I shows both b- and c-type rotational transitions,
conformer II reveals only b-type and conformer III shows a- and
b-type transitions. This is a consequence of the extreme flexibility
of the molecule itself expressed by the changing orientation of the
dipole moment. The large number of flexible coordinates, that
are dependent on each other, results in a rich and complex
conformational landscape. Therefore, the distinct types of rotational
transitions observed for different conformers of citronellal facilitate
the reliable assignment of multiple conformations in very dense
and congested spectra as the one investigated here.

3.2 Theoretical predictions and structural similarities

Our theoretical predictions using quantum–chemical calcula-
tions anticipate a total of seventeen conformations within an
energetic window of 6 kJ mol!1. In Fig. 4 we show the calculated
structures, depicting also the relative energies and strongest
intramolecular interactions (dashed lines) present for each
conformer. We find that the predicted conformations can
be grouped based on their backbone structural similarities,

Fig. 3 Portion of the 2–8 GHz spectrum of citronellal (1.5 M acquisitions, 14 h of measurement time). The upper trace (in black) shows the experimental
spectrum obtained using neon as a carrier gas. The lower traces (in colour) represent simulations employing the fitted parameters of citronellal as given in
Table 1. Intensities are based on calculated dipole moment components and estimated relative populations.

Fig. 2 Top panel: Potential energy landscape of citronellal obtained at the
B3LYP/3-21G level of theory by scanning the dihedral coordinates f1

and f2 (indicated in blue and red in the molecular structure, respectively)
in steps of 101. Lower panels: Linear transit scans of f1 (in blue) and f2 (in
red) obtained at the B3LYP-D3/6-311++G** level of theory.
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Chirped-Pulse 
(2-8 GHz)

EXCITATION DETECTION

8 FIDs per gas pulse

Carrier Gas (He, Ne, Ar)
Pulsed valves (5 Hz)

AWG 65 Gs/s 
200 W TWT Amp.

8 GHz 25 Gs/s high-speed 
digital oscilloscope

Multi-nozzle chirped-pulse FT microwave spectrometer
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Specs: 

6 GHz  
single shot bandwidth 
106  

resolution elements 
25 kHz  
frequency accuracy 
40 Hz  
effective rep rate 
~1M avg FIDs 
in 12h measurement time 

Commun. Chem. 4 (32) (2021)
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Apparent bias in aggregation motifs observed. 
4:1 for complexes predicted within 1 kJ/mol.

Predicted complexation pairs at the B3LYP-D3BJ/aug-cc-pVTZ level of theory.
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Clustering helicenes: is there break of symmetry?

Domingos et al. preprint (2023).

 0

 3

 6

 9

 12

 1  2  3  4  5  6  7

En
er

gy
/k

J 
m

ol
-1

Cluster size

 0

 20

 40

 60

 80

 100

H
om

oc
hi

ra
lit

y 
de

gr
ee

 (%
)

ξ =
n(P) − n(M)
n(P) + n(M)

Melanie Schnell and Denis Tikhonov (DESY) 

Amanda Steber (University of Valladolid) 

Laurent Nahon and Gustavo Garcia (Synchrotron SOLEIL) 

Narcis Avarvari (University of Angers)  

Helgi R. Hrodmarsson (LISA) 

Johannes Neugebauer (University of Münster)

PP PM

ΔE = 0 ΔE = 3.6 kJ/mol

PPP PPM

{PP} {PM}

{PP}

ΔE = 0 ΔE = 3.4 kJ/mol

Novos



Stator

Rotor

Axle

Ben Feringa & Wesley Browne  
(University of Groningen, The Netherlands)

Ŝtacko et al. Science 356, 964-968 (2017)

High resolution spectroscopy of Artificial Molecular Motors (AMM)

The rate-determining step in this process is the thermal helix
inversion, which consequently limits the rotation speed of the
motor. Considerable synthetic effort has been focused on
reducing the barrier to helix inversion, and rotation rates in the
MHz regime have been achieved.9,10 Less attention has been
paid to the photochemical step, although it is the efficiency of
cis−trans isomerization that determines the overall photo-
chemical conversion efficiency of the motor. Recently we
reported the ultrafast dynamics of the parent compound 1a-H.11

Ultrafast fluorescence spectroscopy revealed that the primary
photochemical step, a relaxation from the initial Franck−Condon
excited state, occurred within 100 fs, populating an energetically
lower dark (i.e., nonfluorescent) region of the excited-state surface
(labeled “dark state” hereafter). Transient absorption showed that
this state subsequently decayed on a picosecond time scale to the
ground state. This ultrafast primary process was accompanied by
coherent oscillations associated with vibrational coherences in the
excited electronic state. These data suggested two ways in which to
modify the photochemical efficiency of the molecular motor. First,
one can imagine excitation schemes exploiting coherent control,
utilizing the observed vibrational coherences. This possibility has
indeed been considered theoretically.12,13 However, experimentally
this presents many challenges, especially as the coherences were
observed to decay on a subpicosecond time scale.11 In this paper
we consider the alternative approach of chemically modifying 1a-H
with substituents designed to influence the isomerization reaction
without altering the stereochemistry (Figure 1).14,15

The substituents (for systematic names see Supporting
Information) considered are the electron-withdrawing cyano
and chloro (R = CN, Cl) and the electron-donating methoxy
(R = OMe) groups, which are located at the 5′ position and are
thus in direct conjugation with the central double bond, which
is mainly involved in the HOMO−LUMO transition that
dominates the S0−S1 excitation. It was anticipated that an
electron donor would increase the single bond character and
thus enhance the rate of thermal helix inversion. Interestingly it
was found that these substituents had a negligible effect on the
barrier in the ground-state potential energy surface.16 Instead it
was found that the photostationary state achieved under

continuous irradiation was strongly dependent on both the
substituent and the solvent.10 This suggests that the principal
effect of the substituent is on the excited-state reaction. Here,
we probe the steady-state quantum yield, ultrafast fluorescence
and transient absorption of 1a-R. The sub 100 fs to tens of
picosecond dynamics are interpreted in terms of a substituent
dependence of the shape of the excited-state potential energy
surface. These data therefore suggest a route to rationally
designing motors of high efficiency in a manner that is
independent of the thermal isomerization step which controls
the rotational frequency.

■ RESULTS AND DISCUSSION
Ground-State Structure and Steady-State Quantum

Yield. The steady-state absorption and emission spectra for
1a-R are shown in Figure 2. All substituents give rise to a red
shift in the absorption compared to 1a-H. Spectral shifts were
investigated by TD-DFT calculations (see Supporting Information).
For R = CN, Cl the LUMO is stabilized more than the HOMO,
while for R = OMe the HOMO is destabilized more than the
LUMO, such that in both cases a red shift results. The emission
is weak, with the fluorescence quantum yield estimated to be
<10−4 in all cases. The electronic spectra were found to be only
weakly sensitive to solvent (absorption and emission maxima are
presented in the Table S1). In-line with this, the Stokes shift was
also only a weak function of solvent polarity, although it is
consistently slightly larger in nonpolar than in polar solvents
(Table S1). The latter result shows that there is no significant
change in dipole moment between the ground and fluorescent
excited states, which in-turn suggests that there is no major
change in the degree of intramolecular charge transfer between
these two states.
The effect of substituents on the efficiency of the motor was

assessed through measurements of the photochemical quantum
yield of the isomerization from 1a-R to 1b-R (Figure 1). The
quantum yields were measured under steady-state condi-
tions compared to decomposition of ferrioxalate as a standard
(see Supporting Information) and are presented in Table 1.
Significantly the yield for the reverse photoisomerizarion was

Figure 1. (a) The photocycle of unidirectional rotation in a molecular motor. The stable ground state 1a-R absorbs a photon which stimulates a cis−
trans (E−Z) isomerization to populate 1b-R. This metastable state undergoes a thermal helix inversion in the ground state to form 1c-R.
Consequently absorption of a second photon leads to cis−trans isomerization in the original direction to form 1d-R, and a second thermal helix
inversion generates 1a-R giving one full rotation. The position of R and the substituents (R = CN, Cl, H, OMe) were chosen to modify electron-
donor strength without altering the steric interactions between the rings. (b) Schematic potential energy surfaces indicating the states probed in the
current study (dashed lines).

Journal of the American Chemical Society Article
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Structural Evolution of AMMs. Where we stand.
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phase, on the other hand, is pre-
eminently suited for this purpose
but the largest molecular systems
that have been studied with these
techniques hardly come close to
the molecular motor that is consid-
ered here with respect to the
number of non-hydrogen
atoms.[11–13]

Herein, we report on the first
high-resolution rotational spec-
trum of a molecular motor, which
was obtained by combining micro-
wave spectroscopy with the cold
conditions of a supersonic jet.
Microwave spectroscopy enables
the unambiguous identification of
molecular species and the determi-
nation of the thermal distribution
of conformations. Owing to their
unique moments of inertia, each conformation of a particular
molecule can be differentiated by its rotational spectrum.
With the implementation of short and intense microwave
chirps in broadband excitation schemes as in chirped-pulse
Fourier transform microwave (CP-FTMW) spectroscopy, it is
possible to record rotational spectra of complex, flexible
molecules spanning several GHz in a single acquisition.[14]

The cold molecular jet brings the molecules to rotational
temperatures below 2 K, which for a molecular system of this
size (C27H20, Mw = 344 gmolˇ1) implies that the strongest
rotational transitions are situated between 2 and 4 GHz. The
broadband microwave spectrum of 1-A in this region is shown
in Figure 2. The experimental spectrum is shown as the upper
trace (in black). The spectrum shown below (in red)
represents a simulation obtained from the fitted spectroscopic
parameters reported in Table 1. The right panel of this Figure
displays a segment of the rotational spectrum, highlighting
a branch of rotational transitions JKaKc

 J0Ka0Kc0
denoted by

the rotational quantum numbers J, Ka, and Kc, with J being the
rotational angular momentum quantum number and Ka and
Kc being the projections of J onto the principal axes at the
prolate and oblate symmetric top limits, respectively. A total
of 222 rotational transitions were assigned, and the primary

rotational constants (A, B, C) were determined through
a recurrent fit using the A-reduced semirigid rotor Hamil-
tonian as implemented in PGOPHER.[15] Quartic centrifugal
distortion constants (DJ and dJ) were also determined. We
note that the inclusion of distortion constants is not required
to achieve a good fit. The small magnitudes obtained for both
DJ and dJ are a strong indicator of the rigidity of the molecule
in spite of its size. A summary of the fitted spectroscopic
parameters is given in Table 1 while a complete list of all fitted
rotational transitions is provided in the Supporting Informa-
tion. We found neither evidence for internal dynamics arising
from the methyl top nor for other large-amplitude motions,
which would point to high barriers associated with these
motions. As the methyl group is part of the ratchet during the
operation of the motor, this is indeed what would be
expected.

In our frequency range, we cover mainly a- and b-type
transitions. In Figure 3, we show segments of the spectrum
depicting a progression of a/b-type quartets over the range
(J + 1) !J of 8 !7 to 13 !12. Following the progression from
lower to higher frequencies (panels A!F), we observe
a narrowing between transitions, resulting in coalescence for
13 !12 further up the J levels.

Table 1: Experimentally determined parameters for the vibronic ground state of the motor identified in
the microwave spectrum.[a]

Exp. M06-2X[b] MP2[b] B3LYP[b] B3LYP-D3BJ[c]

A [MHz] 307.183437(46) 308.806 305.187 306.565 308.633
B [MHz] 164.951398(47) 165.639 168.546 162.795 166.282
C [MHz] 122.506084(33) 122.462 124.127 121.704 122.875
DJ [kHz] 0.001431(90) – – – –
dJ [kHz] 0.000271(50) – – – –
jma j [D] y 1.28 1.31 1.39 1.37
jmb j [D] y 0.99 0.55 1.03 0.99
jmc j [D] n 0.12 0.05 0.15 0.11
N 222 – – – –
s [kHz] 3.4 – – – –
k ˇ0.540 ˇ0.536 ˇ0.509 ˇ0.555 ˇ0.532

[a] Rotational constants (A, B, C in MHz) and quartic centrifugal distortion constants (in kHz); type of
spectrum observed (a-type, b-type, c-type) with y being observed and n being not observed; predicted
dipole moments; number of lines used in the fit; standard error of the fit (in kHz); asymmetry parameter
k= (2B-A-C)/(A-C). The experimental frequency accuracy is 25 kHz. [b] 6-311++++G** basis set. [c] def2-
TZVP basis set.

Figure 2. Broadband rotational spectrum of 1-A from 2 to 4 GHz (1.5 million averages, measurement time: 13 h). The upper trace (in black)
shows the experimental spectrum obtained using neon as the carrier gas. The lower trace represents simulations obtained from the fitted
spectroscopic parameters reported in Table 1. The marks the a/b quartet progressions that are shown in detail in Figure 3. The rotational
transition marked with † corresponds to the dissociation structure of the rotor as a consequence of fragmentation (see main text). The
spectroscopic parameters of the fragment are reported in Table 2.
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In Table 1, we compare the results taken from our
observations with a series of quantum-chemical calculations
at different levels of theory (see the Supporting Information
for further details). We found a very good agreement between
theoretical predictions and our experimental observations at
all levels of theory. The most impressive match between the
experimental and calculated rotational constants was
obtained at the M06-2X/6-311++++G** level of theory, for
which experiment and theory differ by less than 0.5% for all
three rotational constants. In addition, the magnitudes of the
permanent dipole moment components are in good agree-
ment with the observed intensities. At the same time, the
dispersion-corrected B3LYP-D3BJ level of theory predicts
the experimental rotational constants equally well, in partic-
ular if one considers the deviations (ca. 1%) predicted for
vibrationally corrected rotational constants with respect to
the equilibrium ones.[16]

The excellent agreement between experiment and theory
enabled us to determine key geometrical parameters of the
molecular motor. The
length of the C=C bond of
the motor is 1.356 ä (M06-
2X), which is very similar to
the length determined from
the crystal structure[6]

(1.357 ä). Comparison of
this bond length with those
of other non-sterically
overcrowded alkenes, such
as ethylene (C2H4, 1.325 ä)
and 2-butene (C4H8,
1.329 ä), readily indicates
that the C=C link is sub-
stantially extended in the
molecular motor. To evalu-
ate the local geometry

around the axle, we defined three planes (Figure 4), which
comprise the planar part of the stator (in yellow), the axle and
rotor (in blue), and the planar part of the rotor (in red),
respectively. The angles a = 50.888 (50.088), b = 42.088 (39.688),
and g = 18.488 (22.888) define the relative twisting of the rotor
with respect to the stator in the locked conformation (crystal
structure values are given in parentheses). Comparison with
the values obtained from the crystal structure shows that the
structure of the motor is unmistakably affected by its
environment. The gas-phase dihedral angle at the axle
coordinate differs by approximately 1.688 from the crystal
structure, with D(2-3-4-5) = 13.588 (15.1888).

Interestingly, we also found evidence that under our
experimental conditions, some fragmentation of the molec-
ular motor occurs. In the rotational spectrum, we identified
and fitted a series of rotational lines that correspond to
dissociation products of the rotor and the stator. Fragmenta-
tion occurs owing to preexpansion heating at the nozzle. One
of the 23 rotational transitions belonging to the rotor moiety
is shown in Figure 2 (right panel). The spectroscopic param-
eters obtained from the fit to these transitions are given in
Table 2. Quantum-chemical calculations on two tentative
models for a dissociation product of the rotor confirmed our
expectations: from the comparison of rotational constants,
dipole moment components, and asymmetry parameters, we
unambiguously identified r-B as the structure of the fragment.
Dissociation thus results in a planar rotor fragment that no
longer possesses a chiral center as compared with the
geometry of the rotor when it is coupled to the motor. The
stator fragment was unambiguously assigned to fluorene
based on a fit using 18 rotational transitions and a direct
comparison with reported rotational constants.[17] The spec-
troscopic parameters are reported in the Supporting Infor-
mation.

In summary, we have presented the first high-resolution
rotational spectrum of a molecular rotary motor and used it to
determine the exact conformation of the motor in its vibronic
ground state and to derive key structural parameters. Rota-
tional constants were determined with high accuracy and
provide an excellent basis for benchmarking the current levels
of theory implemented in quantum-chemical methods for
large molecular systems. Temperature-induced fragmentation

Figure 3. Segments A!F of the rotational spectrum following the
frequency regions marked with in Figure 2. The characteristic a/b
quartets are nicely resolved for J + 1 !J = 8 !7 (A) and reach
complete coalescence for J + 1 !J = 13 !12 (F).

Figure 4. Molecular structure of the rotor (1-A) obtained at the M06-2X/6-311++++G** level of theory. Relevant
geometrical parameters are given; the C=C bond length is 1.356 ä (the value in parentheses refers to the
length taken from the crystal structure),[6] the depicted planes with respect to the respective numbered atoms
(yellow: 1-2-3; blue: 3-4-5; red: 5-6-7) define the local torsions around the axle. The angles between the planes
are a =50.888, b =42.088, and g =18.488. (a,b,g)B3LYP-D3BJ = (a,b,g)M06-2X +0.288. The dihedral angle
D(2-3-4-5) is 13.588(M06-2X)/13.888(B3LYP-D3BJ).
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The rotational spectrum of the idle-mode of an AMM.
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phase, on the other hand, is pre-
eminently suited for this purpose
but the largest molecular systems
that have been studied with these
techniques hardly come close to
the molecular motor that is consid-
ered here with respect to the
number of non-hydrogen
atoms.[11–13]

Herein, we report on the first
high-resolution rotational spec-
trum of a molecular motor, which
was obtained by combining micro-
wave spectroscopy with the cold
conditions of a supersonic jet.
Microwave spectroscopy enables
the unambiguous identification of
molecular species and the determi-
nation of the thermal distribution
of conformations. Owing to their
unique moments of inertia, each conformation of a particular
molecule can be differentiated by its rotational spectrum.
With the implementation of short and intense microwave
chirps in broadband excitation schemes as in chirped-pulse
Fourier transform microwave (CP-FTMW) spectroscopy, it is
possible to record rotational spectra of complex, flexible
molecules spanning several GHz in a single acquisition.[14]

The cold molecular jet brings the molecules to rotational
temperatures below 2 K, which for a molecular system of this
size (C27H20, Mw = 344 gmolˇ1) implies that the strongest
rotational transitions are situated between 2 and 4 GHz. The
broadband microwave spectrum of 1-A in this region is shown
in Figure 2. The experimental spectrum is shown as the upper
trace (in black). The spectrum shown below (in red)
represents a simulation obtained from the fitted spectroscopic
parameters reported in Table 1. The right panel of this Figure
displays a segment of the rotational spectrum, highlighting
a branch of rotational transitions JKaKc

 J0Ka0Kc0
denoted by

the rotational quantum numbers J, Ka, and Kc, with J being the
rotational angular momentum quantum number and Ka and
Kc being the projections of J onto the principal axes at the
prolate and oblate symmetric top limits, respectively. A total
of 222 rotational transitions were assigned, and the primary

rotational constants (A, B, C) were determined through
a recurrent fit using the A-reduced semirigid rotor Hamil-
tonian as implemented in PGOPHER.[15] Quartic centrifugal
distortion constants (DJ and dJ) were also determined. We
note that the inclusion of distortion constants is not required
to achieve a good fit. The small magnitudes obtained for both
DJ and dJ are a strong indicator of the rigidity of the molecule
in spite of its size. A summary of the fitted spectroscopic
parameters is given in Table 1 while a complete list of all fitted
rotational transitions is provided in the Supporting Informa-
tion. We found neither evidence for internal dynamics arising
from the methyl top nor for other large-amplitude motions,
which would point to high barriers associated with these
motions. As the methyl group is part of the ratchet during the
operation of the motor, this is indeed what would be
expected.

In our frequency range, we cover mainly a- and b-type
transitions. In Figure 3, we show segments of the spectrum
depicting a progression of a/b-type quartets over the range
(J + 1) !J of 8 !7 to 13 !12. Following the progression from
lower to higher frequencies (panels A!F), we observe
a narrowing between transitions, resulting in coalescence for
13 !12 further up the J levels.

Table 1: Experimentally determined parameters for the vibronic ground state of the motor identified in
the microwave spectrum.[a]

Exp. M06-2X[b] MP2[b] B3LYP[b] B3LYP-D3BJ[c]

A [MHz] 307.183437(46) 308.806 305.187 306.565 308.633
B [MHz] 164.951398(47) 165.639 168.546 162.795 166.282
C [MHz] 122.506084(33) 122.462 124.127 121.704 122.875
DJ [kHz] 0.001431(90) – – – –
dJ [kHz] 0.000271(50) – – – –
jma j [D] y 1.28 1.31 1.39 1.37
jmb j [D] y 0.99 0.55 1.03 0.99
jmc j [D] n 0.12 0.05 0.15 0.11
N 222 – – – –
s [kHz] 3.4 – – – –
k ˇ0.540 ˇ0.536 ˇ0.509 ˇ0.555 ˇ0.532

[a] Rotational constants (A, B, C in MHz) and quartic centrifugal distortion constants (in kHz); type of
spectrum observed (a-type, b-type, c-type) with y being observed and n being not observed; predicted
dipole moments; number of lines used in the fit; standard error of the fit (in kHz); asymmetry parameter
k= (2B-A-C)/(A-C). The experimental frequency accuracy is 25 kHz. [b] 6-311++++G** basis set. [c] def2-
TZVP basis set.

Figure 2. Broadband rotational spectrum of 1-A from 2 to 4 GHz (1.5 million averages, measurement time: 13 h). The upper trace (in black)
shows the experimental spectrum obtained using neon as the carrier gas. The lower trace represents simulations obtained from the fitted
spectroscopic parameters reported in Table 1. The marks the a/b quartet progressions that are shown in detail in Figure 3. The rotational
transition marked with † corresponds to the dissociation structure of the rotor as a consequence of fragmentation (see main text). The
spectroscopic parameters of the fragment are reported in Table 2.
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In Table 1, we compare the results taken from our
observations with a series of quantum-chemical calculations
at different levels of theory (see the Supporting Information
for further details). We found a very good agreement between
theoretical predictions and our experimental observations at
all levels of theory. The most impressive match between the
experimental and calculated rotational constants was
obtained at the M06-2X/6-311++++G** level of theory, for
which experiment and theory differ by less than 0.5% for all
three rotational constants. In addition, the magnitudes of the
permanent dipole moment components are in good agree-
ment with the observed intensities. At the same time, the
dispersion-corrected B3LYP-D3BJ level of theory predicts
the experimental rotational constants equally well, in partic-
ular if one considers the deviations (ca. 1%) predicted for
vibrationally corrected rotational constants with respect to
the equilibrium ones.[16]

The excellent agreement between experiment and theory
enabled us to determine key geometrical parameters of the
molecular motor. The
length of the C=C bond of
the motor is 1.356 ä (M06-
2X), which is very similar to
the length determined from
the crystal structure[6]

(1.357 ä). Comparison of
this bond length with those
of other non-sterically
overcrowded alkenes, such
as ethylene (C2H4, 1.325 ä)
and 2-butene (C4H8,
1.329 ä), readily indicates
that the C=C link is sub-
stantially extended in the
molecular motor. To evalu-
ate the local geometry

around the axle, we defined three planes (Figure 4), which
comprise the planar part of the stator (in yellow), the axle and
rotor (in blue), and the planar part of the rotor (in red),
respectively. The angles a = 50.888 (50.088), b = 42.088 (39.688),
and g = 18.488 (22.888) define the relative twisting of the rotor
with respect to the stator in the locked conformation (crystal
structure values are given in parentheses). Comparison with
the values obtained from the crystal structure shows that the
structure of the motor is unmistakably affected by its
environment. The gas-phase dihedral angle at the axle
coordinate differs by approximately 1.688 from the crystal
structure, with D(2-3-4-5) = 13.588 (15.1888).

Interestingly, we also found evidence that under our
experimental conditions, some fragmentation of the molec-
ular motor occurs. In the rotational spectrum, we identified
and fitted a series of rotational lines that correspond to
dissociation products of the rotor and the stator. Fragmenta-
tion occurs owing to preexpansion heating at the nozzle. One
of the 23 rotational transitions belonging to the rotor moiety
is shown in Figure 2 (right panel). The spectroscopic param-
eters obtained from the fit to these transitions are given in
Table 2. Quantum-chemical calculations on two tentative
models for a dissociation product of the rotor confirmed our
expectations: from the comparison of rotational constants,
dipole moment components, and asymmetry parameters, we
unambiguously identified r-B as the structure of the fragment.
Dissociation thus results in a planar rotor fragment that no
longer possesses a chiral center as compared with the
geometry of the rotor when it is coupled to the motor. The
stator fragment was unambiguously assigned to fluorene
based on a fit using 18 rotational transitions and a direct
comparison with reported rotational constants.[17] The spec-
troscopic parameters are reported in the Supporting Infor-
mation.

In summary, we have presented the first high-resolution
rotational spectrum of a molecular rotary motor and used it to
determine the exact conformation of the motor in its vibronic
ground state and to derive key structural parameters. Rota-
tional constants were determined with high accuracy and
provide an excellent basis for benchmarking the current levels
of theory implemented in quantum-chemical methods for
large molecular systems. Temperature-induced fragmentation

Figure 3. Segments A!F of the rotational spectrum following the
frequency regions marked with in Figure 2. The characteristic a/b
quartets are nicely resolved for J + 1 !J = 8 !7 (A) and reach
complete coalescence for J + 1 !J = 13 !12 (F).

Figure 4. Molecular structure of the rotor (1-A) obtained at the M06-2X/6-311++++G** level of theory. Relevant
geometrical parameters are given; the C=C bond length is 1.356 ä (the value in parentheses refers to the
length taken from the crystal structure),[6] the depicted planes with respect to the respective numbered atoms
(yellow: 1-2-3; blue: 3-4-5; red: 5-6-7) define the local torsions around the axle. The angles between the planes
are a =50.888, b =42.088, and g =18.488. (a,b,g)B3LYP-D3BJ = (a,b,g)M06-2X +0.288. The dihedral angle
D(2-3-4-5) is 13.588(M06-2X)/13.888(B3LYP-D3BJ).
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C27H20The rotational spectrum of the idle-mode of an AMM.
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Can we unlock rarer species though new sample 
delivery methods, bringing the promise of 
rotationally-resolved spectroscopy to other domains?

Can we reliably extract dynamic information from 
rotational spectra, in particular from large and 
complex molecular species such as AMMs?

Pairing schemes of chiral molecules can be 
studied extensively, and much insight gained 
on the molecular recognition problem.
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