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phase†

Reece Beekmeyer,a Michael A. Parkes, a Luke Ridgwell,a Jamie W. Riley,a

Jiawen Chen,c Ben L. Feringa, c Andrew Kerridge b and Helen H. Fielding *a

Light-driven molecular motors derived from chiral overcrowded alkenes are an important class of

compounds in which sequential photochemical and thermal rearrangements result in unidirectional

rotation of one part of the molecule with respect to another. Here, we employ anion photoelectron

spectroscopy to probe the electronic structure and dynamics of a unidirectional molecular rotary motor

anion in the gas-phase and quantum chemistry calculations to guide the interpretation of our results. We

find that following photoexcitation of the first electronically excited state, the molecule rotates around

its axle and some population remains on the excited potential energy surface and some population

undergoes internal conversion back to the electronic ground state. These observations are similar to

those observed in time-resolved measurements of rotary molecular motors in solution. This work

demonstrates the potential of anion photoelectron spectroscopy for studying the electronic structure

and dynamics of molecular motors in the gas-phase, provides important benchmarks for theory and

improves our fundamental understanding of light-activated molecular rotary motors, which can be used

to inform the design of new photoactivated nanoscale devices.
1 Introduction

Molecular machines are molecules that are able to absorb
energy and convert it into non-Brownian motion.1–10 Their
signicance has been acknowledged by the award of the 2016
Chemistry Nobel Prize to Jean-Pierre Sauvage, Sir J. Fraser
Stoddart and Bernard L. Feringa for “the design and synthesis
of molecular machines”. An important class of molecular
machines are light-driven molecular rotary motors, rst devel-
oped by Feringa and co-workers in 1999.11 These rotary molec-
ular motors are chiral overcrowded alkenes in which one part of
the molecule (rotor) undergoes unidirectional rotary motion
with respect to another part of the molecule (stator) around
a central carbon–carbon double bond (axle).

The rotary cycle of a uorene-based molecular motor is
illustrated in Fig. 1. In its lowest energy conformation (1a), the
methyl substituent at the stereogenic centre adopts an axial
orientation in which steric hindrance is minimised. Following
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absorption of ultraviolet (UV) light, excited state photo-
isomerisation causes the molecule to rotate around the axle (1b)
and in this conformation the methyl substituent is forced to
Fig. 1 Structure of the molecular motor employed in these studies (R
¼ COO�). The initial steps of the photocycle are photochemical
excitation, isomerisation and internal conversion back to the ground
state (1a–1b). This is followed by thermal helix inversion on the ground
state (1b–1c), a second photochemical excitation, isomerisation and
internal conversion (1c–1d) and, finally, a second thermal helix inver-
sion on the ground state to form the original isomer (1d–1a).
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adopt an equatorial orientation. This step is sometimes referred
to as the photochemical power stroke and determines the
photochemical conversion efficiency of the motor. Following
relaxation back to the ground electronic state, increased steric
interactions between the rotor and the stator create tension in
the molecule that is subsequently released as the rotor and
stator blades snap over one another in a thermal helix inversion
(1b–1c) and the methyl group re-adopts its thermodynamically
favourable axial orientation. Importantly, the steric barrier to
reverse rotation on the ground electronic state locks the
molecular motor in this conformation until it can absorb
another photon. A full unidirectional rotary cycle is then
completed following a second UV photoisomerisation and
ground-state thermal helix inversion (1c–1d–1a).

The rate determining step in the rotary cycle is the thermal
helix inversion on the ground electronic state. This has been
conrmed by time-resolved transient absorption spectroscopy
measurements of molecular motors dissolved in hexane that
found the light-induced isomerisation step to be completed in
20 ps.12 A great deal of synthetic effort has been focussed on
designing and synthesising rotary motors with lower barriers to
thermal helix inversion and higher rotation frequencies;13–21

however, there has been relatively little interest in optimising
the photochemical power stroke. Meech and co-workers re-
ported a series of very detailed time-resolved uorescence and
transient absorption spectroscopy measurements probing the
initial photoisomerisation step of rotary motors dissolved in
a range of solvents.22,23 They found that following photoexcita-
tion, rapid structural relaxation out of the Franck–Condon
region occurred on a timescale of a few 100 fs to populate
a ‘dark state’. This ‘dark state’ remained coupled to the Franck–
Condon region and relaxed through a conical intersection back
to the ground state on a picosecond timescale, completing the
light-induced isomerisation step. They found that attaching
electron withdrawing and electron donating substituents in
direct conjugation with the central carbon–carbon double bond
modied the structure and energy of the ‘dark state’ and thus
the efficiency of operation of these molecular motors, without
affecting the rotation frequency. Recently, Amirjalayer et al.
reported a detailed time-resolved infrared spectroscopy study,
supported by quantum mechanical calculations, which
hypothesised that electronic relaxation proceeds on the poten-
tial energy surfaces of two different electronic states and thus
indicates that the efficiency of the motor is determined by the
conical intersection between the ‘dark state’ and the ground
state.24

From a theoretical perspective, there have been numerous
studies of molecular rotary motors aimed at understanding how
both the molecular structure and electronic structure inuence
the excited state and ground state dynamics. Kazaryan et al.
used ensemble DFT (density functional theory) and OM2/MRCI
molecular dynamics calculations to explore the potential energy
surface of a uorene based motor.25–27 They found barriers to
rotation along the ground electronic state, S0, as well as the
excitation energy to the rst excited state, S1, using ensemble
DFT and PM3 methods and, in agreement with the later
experimental observations,22,23 they predicted that a conical
6142 | Chem. Sci., 2017, 8, 6141–6148
intersection between the S0 and S1 states played a key role in the
light-induced isomerisation step. Their MD simulations found
an average excited state lifetime of 1.4 ps. Torras et al. employed
QM/MM (quantum-mechanics/molecular mechanics) calcula-
tions to investigate another uorene based overcrowded chiral
alkene molecular motor and its rotation.28 They optimised
structures using unrestricted DFT and the perturbative MP2
method and included solvent effects in their QM/MM calcula-
tions. They calculated barriers to rotation which were compa-
rable to experiment and also found that the hybridisation of the
ethylene axle evolved from being sp2 to sp3 and back again, as
the motor rotated, to minimise steric repulsions. CASSCF
(complete active space self consistent eld) calculations were
carried out by Amatatsu using a 2-orbital, 2-electron active
space.29,30 Again it was found that a conical intersection between
the S1 and S0 states was a key factor in the light-induced iso-
merisation step. Recently, Pang et al. have reported the results
of trajectory surface-hopping dynamics at the semi-empirical
OM2/MRCI level investigating the photoisomerisation
dynamics;31 they found timescales in reasonable agreement
with those measured by Meech and coworkers,22,23 although
they suggest that the ‘dark state’ is not a separate electronic
state, as suggested by Amirjalayer et al.,24 but a ‘dark region’ of
the S1 state.

To gain a complete understanding of the intrinsic dynamics
of a molecular rotary motor requires gas-phase measurements
of isolated motor molecules, free from interactions with solvent
molecules. Although weakly interacting solvents are generally
considered to have little inuence on the shapes of molecular
potential energy surfaces, differential solvation of electronic
states can modify the structure and energy of conical intersec-
tions. Solvent molecules also provide an effective sink for
vibrational energy relaxation, so they may modify the dynamics
on the potential energy surfaces. However, there have not been
any reports of gas-phase measurements of the electronic
structure and dynamics of molecular rotary motors to date,
most likely due to the difficulties associated with generating
molecular beams of such large molecules. Electrospray ionisa-
tion has proved a very effective method for transferring large
molecules into the gas-phase in deprotonated anionic or
protonated cationic forms. Here, we employ electrospray-
ionisation to transfer a molecular rotary motor into the gas-
phase, using a carboxylic acid group attached to the stator to
provide a spectator group that is easy to deprotonate. We then
use anion photoelectron spectroscopy to measure the electronic
structure and dynamics of the molecular rotary motor and high-
level CASSCF and MS-CASPT2 (multicongurational second-
order perturbation theory) calculations to guide the interpre-
tation of our experimental measurements. Interestingly, we nd
that the initial dynamics in the gas-phase are similar to those
reported in solution:22–24 they involve relaxation away from the
Franck–Condon region to a rotated conformer on the excited
state and internal conversion back to the ground state. Gas-
phase studies such as these, alongside solution phase studies,
have the potential to improve our fundamental understanding
of light-activated molecular rotary motors and inform the
design of photoactivated nanoscale devices.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Photoelectron spectra of deprotonated molecular motor 1a (R
¼ COO�) recorded at 320 nm (3.87 eV), 310 nm (4.00 eV), 298 nm
(4.16 eV) and 230 nm (5.39 eV), plotted as a function of photoelectron
kinetic energy. The solid red lines are exponential fits representing
thermionic emission (see text).
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2 Methodology
2.1 Synthesis

The preparation of 1a (R ¼ COOH) is based on the route re-
ported for 1a (R ¼ H) and the procedures and characterisation
are described in the ESI.†

2.2 Anion photoelectron spectroscopy

Photoelectron spectra were recorded using our anion photo-
electron imaging apparatus.32–39 Briey, deprotonated molec-
ular motor anions were generated by electrospray ionisation of
solutions of 1a (R ¼ COOH) in methanol with a couple of drops
of ammonia added. The anions, 1a (R ¼ COO�), were mass
selected by a quadrupole and passed into a collision cell, which
also acted as a hexapole ion trap to generate packets of anions at
a frequency of 20 Hz to match the repetition rate of the laser
system. The ions were then transported via a potential switch to
the interaction region of collinear velocity map imaging optics,
where they interacted with nanosecond laser pulses with
wavelengths in the range 320–230 nm. Photoelectrons gener-
ated in the interaction region were accelerated towards a posi-
tion sensitive detector consisting of a stack of multichannel
plates, a phosphor screen and a CCD camera. Laser-only images
were subtracted from images recorded following the interaction
of laser light with the anions, to eliminate background counts
arising from scattered light and ionisation of residual gas. The
photoelectron images were inverted using the pBASEXmethod40

and the energy scale was calibrated by recording the photo-
electron spectrum of I�. The energy resolution is around 5%
and the error in electron kinetic energy is �0.05 eV.

2.3 Computational

Ground-state minimum energy geometries of the anions 1a–1d
(R ¼ COO�) and their corresponding neutral radicals were
optimised at the B3LYP41–44 level using the 6-311G++(2df,2pd)
basis.

Vertical excitation energies (VEEs) of the rst few singlet
excited states of anions 1a–1d (R ¼ COO�) were calculated at
DFT-optimised geometries using the state-averaged complete
active space self consistent eld (SA-CASSCF) method45 with
equal weighting given to the rst four states (SA(4)). The active
space consisted of six pairs of p and p* orbitals (12, 12) on the
stator, rotor and axle, selected by inspection of the natural
orbital occupations (see ESI†). Orbitals localised predominantly
on the carboxylic acid group were excluded, since this group was
included for experimental reasons and does not contribute
signicantly to the photochemistry (Section 3.2).

We used the atomic natural orbital (ANO-L) basis set46 of
polarised triple-zeta (double-zeta for hydrogen) quality (TZVP
(14s9p4d3f)/[4s2p2d1f] for carbon and oxygen, DZVP (8s4p3d)/
[2s1p] for hydrogen). To reduce computational time, we used
the Cholesky decomposition47 with the default parameters for
computation of two-electron integrals.

To obtain more accurate VEEs, dynamic correlation was
included by using second order pertubation theory (PT2) with
the multi state formalism (MS-CASPT2),48 with the SA(4)-
This journal is © The Royal Society of Chemistry 2017
CASSCF wave functions as a reference. We used the standard
value of 0.25 for the ionisation potential-electron affinity (IPEA)
shi as this has been shown to give more accurate dissociation
and excitation energies.49 To minimise the effect of intruder
states, an imaginary level shi of 0.2 a.u. was used.50

Vertical detachment energies (VDEs) of 1a–1d (R ¼ COO�)
were calculated as the differences between the MS-CASPT2
energies of the anions and their corresponding neutral radi-
cals, at the DFT optimised geometries of the anions. Adiabatic
detachment energies (ADEs) of 1a and 1b (R ¼ COO�) were
calculated as the energy differences between the MS-CASPT2
energies of the DFT optimised geometries of the anions and
theMS-CASPT2 energies of the DFT optimised geometries of the
corresponding neutral radicals.

The DFT calculations were performed using the Gaussian 09
suite of programs.51 SA-CASSCF and MS-CASPT2 calculations
were performed using the Molcas 8.0 code.52–54

3 Results
3.1 Photoelectron spectra

Photoelectron spectra of deprotonated molecular motor 1a (R¼
COO�) were recorded as a function of electron kinetic energy
(eKE) and are presented in Fig. 2.

All the photoelectron spectra have an intense, low eKE
feature that decays exponentially with increasing eKE, charac-
teristic of thermionic emission from the hot ground state of the
molecular motor anion. For the 320–398 nm spectra, the low
eKE distributions can be t to I(eKE) ¼ I0 exp(�eKE/kBT) to
obtain an estimate of the vibrational temperature of the ground
state of the anion formed aer internal conversion. We found
kBT z 0.2 eV. Although the value of kBT is not particularly
meaningful because there are competing decay mechanisms,
such as autodetachment, the observation of thermionic emis-
sion is very signicant because it shows that internal conversion
back to the ground state occurs, following excitation in the
range 320–230 nm.
Chem. Sci., 2017, 8, 6141–6148 | 6143
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Fig. 3 MS-CASPT2 energies of the ground electronic state, S0 and the
first two singlet excited states, S1 and S2, of deprotonated molecular
motor anions 1a–1d (R ¼ COO�), together with the VDEs and ADEs of
the ground electronic state, D0, of the corresponding neutral radicals.
All energies are in eV and relative to the ground electronic state of
deprotonated 1a. The horizontal dotted lines indicate the minimum
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In addition to the exponentially decaying low eKE feature,
the 230 nm (5.38 eV) photoelectron spectrum also has a broad,
unresolved feature centered around 0.60 eV, corresponding to
an electron binding energy, eBE ¼ hn � eKE z 4.8 eV. If these
photoelectrons arise from direct detachment from the ground
electronic state of the anion, the eBE of the peak maximum
would correspond approximately to the VDE, although we note
that the VDE and maximum may be offset in unresolved pho-
todetachment spectra of relatively large molecular anions.55

Such a value for the VDE (4.8 eV) would also explain why direct
detachment is not observed at the three lower photon energies
(3.87–4.16 eV) used in this work.

Interestingly, there are also weak, continuous photoelectron
distributions in the range 1.0–2.0 eV eKE, most noticeably in the
320 nm photoelectron spectrum. We attribute these to multi-
photon processes or loss of CO2, followed by autodetachment
from the decarboxylated motor anion which is expected to have
a lower binding energy. We have identied CO2 loss as
a competing decay channel in protein chromophore anions
containing COO� using MS-MS measurements.56
and maximum photon energies used in the photoelectron spectros-
copy measurements.
3.2 Electronic structure of the molecular motor

The MS-CASPT2 calculated ground-state energies, VEEs, VDEs
and ADEs of conformers 1a–1d, relative to the ground electronic
state of conformer 1a, are listed in Table 1 and plotted in Fig. 3.
Notably, although the VDE is more or less constant for all
conformers, the ADE is lowered by approximately 0.7 eV for 1b
compared to 1a.

The key natural molecular orbitals (NMOs) involved in the
photoexcitation and subsequent rotation of the motor from 1a
to 1b, i.e. the NMOs in which there is a signicant change in the
natural orbital occupation (NOO) between the ground state and
the rst electronically excited singlet state are listed in Table 2
and in the ESI.†Note that we only consider S1 in our discussions
below because for the lowest energy 1a conformer, the oscillator
strength of S2 is signicantly lower than that of S1 and the VEE
of S2 is higher than the photon energies corresponding to 320–
298 nm, suggesting that it does not play a signicant role in the
excited state dynamics following excitation in this range.

To illustrate the redistribution of electron density that
occurs during the S0 / S1 transition, the electron density
differences between the NMOs involved in this transition are
Table 1 MS-CASPT2 energies of the ground electronic state, S0, and
the first two singlet excited states, S1 and S2, of deprotonated
molecular motor anions 1a–1d (R ¼ COO�), together with the VDEs
and some ADEs of the ground electronic state, D0, of the corre-
sponding neutral radicals. All energies are in eV and relative to the
ground electronic state of 1a. Values in parentheses are calculated
oscillator strengths

Conformer S0 S1 S2 D0 (VDE) D0 (ADE)

1a 0.00 3.55 (0.254) 4.31 (0.074) 4.91 4.75
1b 0.31 3.32 3.80 4.91 4.09
1c 0.13 3.52 3.99 4.86 —
1d 0.08 3.07 3.15 4.92 —

6144 | Chem. Sci., 2017, 8, 6141–6148
also plotted for each conformer 1a–1d, in Fig. 4. The initial S0
/ S1 excitation of conformer 1a has p / p* character on the
axle of the motor, consistent with the idea that the initial
dynamics are governed by soening of the axle double bond
followed by rotation.22 This transition also involves consider-
able change in electron density on the stator, which is consis-
tent with the narrow and well-dened absorption spectra
reported for neutral molecular motors based on substituted
uorenes.22,57 The characteristics of this charge redistribution
are maintained when considering conformers 1b–1c. In terms
of key NMOs, the S0 / S1 transition is dominated by a transfer
of population from NMO 98, which is localised on the stator, to
NMO 103, which is also localised on the stator but has signi-
cant p* anti-bonding character on the axle double bond (Table
2 and ESI†).

To benchmark our calculations, we have compared the MS-
CASPT2 calculated energies of the S0 and S1 potential energy
surfaces at some of the key conformations with those for
a related, neutral, uorene-based molecular motor, 9-(2,4,7-tri-
methyl-2,3-dihydro-1H-inden-1-ylidene)-9H-uorene.26 On the
S0 potential energy surface, conformer 1b of our molecular
motor is 0.31 eV higher in energy than conformer 1a. This
energy difference is slightly larger than the equivalent energy
difference calculated for the neutral, uorene-based molecular
motor, using DFT with the B3LYP exchange correlation func-
tional and 6-31G* basis set (0.15 eV).26

On the S1 potential energy surface, conformer 1b of our
molecular motor is 0.23 eV lower in energy than conformer 1a.
This lowering in energy can be rationalised in terms of the
increased delocalisation of electron density across both the
rotor and the stator (Fig. 4; this delocalisation is also present in
1c and 1d) and is the driving force for the initial rotation around
the axle of the molecular motor following S0 to S1
This journal is © The Royal Society of Chemistry 2017
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Table 2 Natural occupation numbers of key natural molecular orbitals for the deprotonated motor anions 1a–1d (R ¼ COO�)

NMO

1a 1b 1c 1d

S0 S1 D0 S0 S1 D0 S0 S1 S0 S1

98 1.894 1.151 1.005 1.947 1.144 1.001 1.939 1.086 1.942 1.026
99 1.879 1.743 1.936 1.872 1.851 1.924 1.892 1.829 1.897 1.886
103 0.132 0.891 0.029 0.133 0.875 0.065 0.113 0.935 0.108 0.990
106 0.104 0.242 0.066 0.065 0.091 0.055 0.065 0.145 0.069 0.097
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photoexcitation. The energy difference between the 1a and 1b
conformers on the S1 potential energy surface is almost iden-
tical to the equivalent energy difference calculated for the
neutral, uorene-based molecular motor, using SA-
REBH&HLYP and TD-BH&HLYP methods.26

We also perfomed an unrestricted DFT (B3LYP/6-
311G++(2df,2pd)) relaxed scan on the S0 potential energy
surface by rotating around the double bond and, employing
a broken symmetry methodology, found a barrier between 1a
and 1b with height 2.0 eV, which is substantially higher than
that found in the neutral uorene based molecular motor (1.4
eV).26 The increase in relative energy of conformer 1b compared
to 1a and increased barrier height could be attributed to the
increased bulk of the rotor and the COO� substituent on the
stator of our molecular motor, but it is worth noting that we
only performed a single relaxed scan because we used a large
basis set, rather than a multidimensional relaxed scan. We also
performed a DFT (B3LYP/6-311G++(2df,2pd)) relaxed scan
rotating around the double bond from conformer 1b to 1c and
found a low (0.2 eV) barrier, which is consistent with this step
being a thermal process on the ground electronic state.

The similarity between the S0 and S1 potential energy land-
scapes of our deprotonated molecular motor and the related,
neutral, uorene-based molecular motor,26 conrms our
suggestion that the COO� substituent, included for
Fig. 4 Electron density difference plots between ground state and first
excited state of the four conformers of the deprotonated molecular
motor 1a–1d (R ¼ COO�). Green areas indicate density accumulation
and red areas indicate density depletion.

This journal is © The Royal Society of Chemistry 2017
experimental reasons, does not contribute signicantly to the
photochemistry of the molecular motor.

4 Discussion

The electronic relaxation and electron emission processes
possible following photoexcitation are illustrated on a Jablonski
diagram in Fig. 5. The S1 state has shape resonance character
with respect to the D0 continuum, implying a strong coupling
between vibrationally excited states of S1 that lie above the ADE
of the D0 continuum.

Following photoexcitation at 320–298 nm, population is
transferred from the S0 state of conformer 1a to the S1 state of
conformer 1a, below the ADE. Since excitation is below the ADE,
direct electron detachment is not possible. Themolecule rotates
around its axle as it relaxes along the S1 potential energy
Fig. 5 Jablonski diagram illustrating electronic relaxation and electron
emission processes following UV photoexcitation of deprotonated 1a
(R ¼ COO�). Horizontal black lines represent the vibrational levels of
the electronic states and the solid blue area represents the electron
detachment continuum. Vertical red arrows represent the eKE of
direct and indirect photodetachment (PD) processes. The horizontal
black arrows represent internal conversion (IC) to S0 and rotation (rot)
on S1. The horizontal red arrow represents electrons with eKE �
0 following thermionic emission (TE) from vibrationally hot S0.
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surface. Population then either remains on the S1 potential
surface or it undergoes internal conversion to S0, returning to 1a
or forming the rotated conformer 1b. Thermionic emission
from the ground electronic state of conformer 1a is not possible
because the internal energy is lower than the ADE; however, the
ADE of conformer 1b is approximately 0.7 eV lower than that of
conformer 1a, and thermionic emission from the ground elec-
tronic state of conformer 1b is possible. Thus, we assign the low
eKE features in the photoelectron spectra recorded at 320–
298 nm to thermionic emission from conformer 1b. Impor-
tantly, this indicates that the initial dynamical steps of the
isolated deprotonated rotary motor are similar to those
observed for rotary motors in solution, i.e. the motor rotates on
the excited electronic state and undergoes internal conversion
back to the electronic ground state.

Following photoexcitation at 230 nm, population is trans-
ferred from the S0 state of conformer 1a to the S1 state of
conformer 1a, above the ADE. The 230 nm photoelectron
spectrum is reproduced in Fig. 6 and plotted as a function of
electron binding energy, eBE ¼ hn � eKE (bottom axis) and eKE
(top axis). The MS-CASPT2 calculated VDEs and ADEs for motor
conformers 1a and 1b and the VEE for conformer 1a are also
marked on this plot. The calculated VDE for conformer 1a (4.91
eV) is very close to the maximum of the broad feature of the
photoelectron spectrum (4.8 eV), supporting our assignment of
this feature to direct detachment to the electronic continuum
associated with the ground electronic state of the neutral
radical, D0. However, the ADE for conformer 1a is very close to
the VDE, so the photoelectrons observed with eBEs lower than
the ADE must either result from direct detachment from
Fig. 6 230 nm (5.39 eV) photoelectron spectrum of deprotonated
molecular motor 1a (R ¼ COO�), plotted as a function of eBE ¼ hn �
eKE (bottom axis) and eKE (top axis). The dashed black line marks the
MS-CASPT2 calculated VEE of conformer 1a. The solid red line marks
the MS-CASPT2 calculated VDEs of conformers 1a and 1b (which are
identical) and the dashed blue lines mark the MS-CASPT2 calculated
ADEs of conformers 1a and 1b.

6146 | Chem. Sci., 2017, 8, 6141–6148
vibrationally hot S0 to the D0 continuum associated with the 1a
conformer, or to indirect detachment from S1 to D0 of the 1b
conformer. Since the low eBE edge of the photoelectron spec-
trum is very close to the calculated ADE of the 1b conformer, it
seems most likely that these lower eBE photoelectrons arise
from autodetachment from the S1 state of the 1b conformer.
Importantly, the observation of autodetachment from the S1
state of the 1b conformer as well as thermionic emission is
indicative of competing relaxation processes. Thus, we can
deduce that following excitation at 230 nm and relaxation on
the S1 potential energy surface some population remains on the
S1 potential energy surface and some population undergoes
internal conversion back to S0. Thermionic emission is possible
from both 1a and 1b conformers with the 5.39 eV of internal
energy in S0 that comes from excitation at 230 nm. Our obser-
vations are consistent with recent time-resolved studies of
second generation molecular rotary motors in solution which
observed an initial relaxation out of the Franck–Condon region
to a ‘dark state’, which subsequently decays back to the ground
electronic state.22–24 The similarity between the gas and solution
phases suggests that the mechanical motion associated with the
initial photoisomerisation step of the rotary cycle is indepen-
dent of the solvent environment.
5 Conclusions

We have shown that the combination of electrospray-ionisation,
anion photoelectron spectroscopy and high-level computational
chemistry calculations provides a powerful toolkit for gaining
insight into the primary events that occur following photoex-
citation of a unidirectional molecular motor in the gas-phase,
free from solvent effects. Interestingly, the dynamics of the
uorene-based molecular motor anion that is the subject of this
gas-phase study are similar to those of uorene-based molec-
ular motors in solution. That is, the initial dynamics are found
to involve relaxation away from the Franck–Condon region to
a rotated conformer on the excited state and internal conversion
to a rotated conformer on the ground electronic state. It will be
interesting to extend our photoelectron spectroscopy studies of
rotary molecular motor anions in the gas-phase to the time-
domain to measure the timescales of the dynamics and
compare them with those obtained for analogous molecular
rotary motors in solution. Calculations of the electronic struc-
ture and excited state dynamics of molecular rotary motors are
non-trivial, so gas-phase studies provide important benchmarks
for theory. Improving our fundamental understanding of pho-
toactivated molecular rotary motors in this way is important for
the future design of photoactivated nanoscale devices.
Acknowledgements

This work was supported by EPSRC grant EP/L005646/1. We
acknowledge use of the EPSRC UK National Service for
Computational Chemistry Soware (NSCCS) at Imperial College
London and computational support from Dr Jörg
Saßmannshausen at UCL.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc01997a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 6
:0

9:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 J. F. Stoddart, Acc. Chem. Res., 2001, 34, 411.
2 M. C. Jimenez, C. Dietrich-Buchecker and J.-P. Sauvage,
Angew. Chem., Int. Ed., 2000, 39, 3284–3287.

3 V. Balzani, M. Venturi and A. Credi, Molecular Devices and
Machines – A Journey into the Nanoworld, Wiley-VCH:
Weinheim, 2004.

4 K. Kinbara and T. Aida, Chem. Rev., 2005, 105, 1377–1400.
5 G. S. Kottas, L. I. Clarke, D. Horinek and J. Michl, Chem. Rev.,
2005, 105, 1281–1376.

6 W. R. Browne and B. L. Feringa, Nat. Nanotechnol., 2006, 1,
25–35.

7 A.-J. Avestro, M. E. Belowich and J. F. Stoddart, Chem. Soc.
Rev., 2012, 41, 5881–5895.

8 S. Erbas-Cakmak, D. A. Leigh, C. T. McTernan and
A. L. Nussbaumer, Chem. Rev., 2015, 115, 10081–10206.

9 C. Cheng and J. F. Stoddart, ChemPhysChem, 2016, 17, 1780–
1793.

10 S. Kassem, T. van Leeuwen, A. S. Lubbe, M. R. Wilson,
B. L. Feringa and D. A. Leigh, Chem. Soc. Rev., 2017, 46,
2592–2621.

11 N. Koumura, R. W. Zijlstra, R. A. van Delden, N. Harada and
B. L. Feringa, Nature, 1999, 401, 152–155.

12 R. Augulis, M. Klok, B. L. Feringa and P. H. M. van
Loosdrecht, Phys. Status Solidi C, 2009, 6, 181–184.

13 N. Koumura, E. M. Geertsema, M. B. van Gelder, A. Meetsma
and B. L. Feringa, J. Am. Chem. Soc., 2002, 124, 5037–5051.

14 M. K. J. ter Wiel, R. A. van Delden, A. Meetsma and
B. L. Feringa, J. Am. Chem. Soc., 2003, 125, 15076–15086.

15 D. Pijper, R. A. Van Delden, A. Meetsma and B. L. Feringa, J.
Am. Chem. Soc., 2005, 127, 17612–17613.

16 J. Vicario, M. Walko, A. Meetsma and B. L. Feringa, J. Am.
Chem. Soc., 2006, 128, 5127–5135.

17 M. M. Pollard, M. Klok, D. Pijper and B. L. Feringa, Adv.
Funct. Mater., 2007, 17, 718–729.

18 M. Klok, N. Boyle, M. T. Pryce, A. Meetsma, W. R. Browne
and B. L. Feringa, J. Am. Chem. Soc., 2008, 130, 10484–10485.

19 M. M. Pollard, A. Meetsma and B. L. Feringa, Org. Biomol.
Chem., 2008, 6, 507–512.

20 M. M. Pollard, P. V. Wesenhagen, D. Pijper and B. L. Feringa,
Org. Biomol. Chem., 2008, 6, 1605–1612.

21 J. Bauer, L. Hou, J. C. M. Kistemaker and B. L. Feringa, J. Org.
Chem., 2014, 79, 4446–4455.

22 J. Conyard, K. Addison, I. A. Heisler, A. Cnossen,
W. R. Browne, B. L. Feringa and S. R. Meech, Nat. Chem.,
2012, 4, 547–551.

23 J. Conyard, A. Cnossen, W. R. Browne, B. L. Feringa and
S. R. Meech, J. Am. Chem. Soc., 2014, 136, 9692–9700.

24 S. Amirjalayer, A. Cnossen, W. R. Browne, B. L. Feringa,
W. J. Buma and S. Woutersen, J. Phys. Chem. A, 2016, 120,
8606–8612.

25 A. Kazaryan and M. Filatov, J. Phys. Chem. A, 2009, 113,
11630–11634.
This journal is © The Royal Society of Chemistry 2017
26 A. Kazaryan, J. C. M. Kistemaker, L. V. Schäfer, W. R. Browne,
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