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ABSTRACT
Unidirectional photochemical molecular motors can act as a power source for molecular machines. The motors operate by successive excited
state isomerization and ground state helix inversion reactions, attaining unidirectionality from an interplay of steric strain and stereochem-
istry. Optimizing the yield of the excited state isomerization reaction is an important goal that requires detailed knowledge of excited state
dynamics. Here, we investigate the effect of electron withdrawing and donating substituents on excited state structure and ultrafast dynam-
ics in a series of newly synthesized first generation photochemical molecular motors. All substituents red-shift the absorption spectra, while
some modify the Stokes shift and render the fluorescence quantum yield solvent polarity dependent. Raman spectra and density functional
theory calculations reveal that the stretching mode of the C=C “axle” in the electronic ground state shows a small red-shift when conjugated
with electron withdrawing substituents. Ultrafast fluorescence measurements reveal substituent and solvent polarity effects, with the excited
state decay being accelerated by both polar solvent environment and electron withdrawing substituents. Excited state structural dynamics
are investigated by fluorescence coherence spectroscopy and femtosecond stimulated Raman spectroscopy. The time resolved Raman mea-
surements are shown to provide structural data specifically on the Franck–Condon excited state. The C=C localized modes have a different
substituent dependence compared to the ground state, with the unsubstituted motor having the most red-shifted mode. Such measurements
provide valuable new insights into pathways to optimize photochemical molecular motor performance, especially if they can be coupled with
high-quality quantum molecular dynamics calculations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0216442

INTRODUCTION

Unidirectional photochemical molecular motors (PMMs)
based on sterically overcrowded alkenes undergo two-step pho-
tochemically and thermally induced cis–trans isomerization
reactions.1–8 Unidirectionality is imposed by a combination of
steric and stereochemical factors. Previous studies on unsubstituted

motors show that light absorption places the motor in an unstable
Franck–Condon state, which is emissive in nature and thus labeled
a bright state (Fig. 1). Excitation to the bright state is localized
on the sterically strained ethylenic “axle,” reducing its bond order
in the excited electronic state.9 Due to the steric repulsion, this
bright state undergoes a unidirectional ultrafast (typically <200 fs)
relaxation on the excited state potential energy surface to populate
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FIG. 1. Generic potential energy diagram for photoconversion of a first generation
motor and its associated reactions. FC, Franck–Condon state; D, dark state; THI,
Thermal Helix Inversion; and CI, conical intersection region to ground electronic
state.

an intermediate state with a substantially reduced transition
dipole moment, called a dark state.10–14 This dark state relaxes
on a picosecond timescale through a conical intersection (CI) to
populate either a metastable (at room temperature) product isomer
or the original ground state (Fig. 1). The metastable product then
undergoes a unidirectional thermal helix inversion (THI) to form
the more stable product isomer, which again has a sterically strained
double bond axle. Absorption of a second photon gives rise to a
second excited state isomerization and ground state helix inversion,
which necessarily proceed in the same direction as the first, to yield
one complete rotation.

The efficiency of PMMs is a function of the rate of ground
state helix inversion (the rate determining step) and the quantum
yield of the ultrafast excited state isomerization.15 Tuning the molec-
ular structure and number of stereocenters around the C=C axle
led to second and third generations of PMMs that show different
efficiencies.7,12,16–19 First generation motors containing two stereo-
centers had photoisomerization yields reaching 60% in some cases,
but low rates of helix inversion. The second and third generation
motors (with one chiral and one pseudo-asymmetric center, respec-
tively) showed significantly lower isomerization yields but with
dramatically higher rates of helix inversion. Thus, while synthetic
variation successfully controlled the rate of the rate determining
ground state helix inversion, controlling the photoisomerization
yield has proven more challenging.

The excited state dynamics and the nature of the bright and
dark states of all three generations of PMMs have been inves-
tigated using several time-resolved spectroscopic techniques and
quantum chemical calculations.9,11–14,20–35 Increasing solvent viscos-
ity was found to significantly slow the dynamics of dark state decay,
while bright state dynamics remain largely unchanged.12,21 It was
observed that the lifetime of the dark state in a first-generation
PMM is also a strong function of solvent polarity.23 This depen-
dence was rationalized by assuming polar solvent stabilization of
a charge transfer configuration arising from sudden polarization

in the dark state, resulting in a lower barrier on the pathway to
the CI. Inspired by this model, electron donating and withdraw-
ing groups were attached in conjugation with the C=C motor “axle”
in an effort to control this polar character, and thus the dynamics
of the dark state and ultimately the isomerization yield. Recently,
we have shown that simultaneous location of electron donating and
withdrawing substituents (a “push–pull motor”) in conjugation with
the “axle” double bond in a first generation PMM allowed a remark-
able degree of solvent control over the photoisomerization yield.36 In
this work, we probe the photophysics of four substituted first gener-
ation PMMs, three of them studied for the first time (Fig. 2), and
compare their spectra and dynamics with those of the parent and
push–pull motors previously investigated. In particular, we apply
ultrafast fluorescence to probe population decay and fluorescence
coherence spectroscopy and femtosecond stimulated Raman spec-
troscopy (FSRS) to recover excited state vibrational spectra between
near zero and 1700 cm−1.

FIG. 2. (a) Chemical structure of all the five motors studied and (b) their corre-
sponding steady-state absorption (solid) and emission (dashed, excited at 390 nm)
spectra. (c) Experimental (black solid lines) and calculated (red vertical lines)
steady-state off-resonance Raman of the five motor derivatives in the solid state.
Raman excitation at 532 nm. The black dashed lines (labeled with the correspond-
ing wavenumber) are a guide to eye to show the shift in Raman peak position in
different motor derivatives.
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RESULTS AND DISCUSSION
Steady-state electronic spectroscopy

The steady-state absorption and emission spectra for the five
motor derivatives [Fig. 2(a)] dissolved in the polar solvent methanol
(ε = 32.7) are shown in Fig. 2(b) (the corresponding spectra in
the apolar solvent cyclohexane, ε = 2.0, are shown in Fig. S3). The
new motors (1, 2, and 4) contain symmetrical substitution with two
electron-donating methoxy (1) or two electron-withdrawing cyano
(4) substituents or are asymmetrically substituted with one methoxy
(2, the corresponding single cyano derivative could not be pre-
pared in sufficient yield and purity) or one methoxy and one cyano
group (5); synthetic procedures are described in the supplementary
material. The absorption maxima for motors 1–5 are presented in
Table I. The spectra for all substituted PMMs are red-shifted from
the unsubstituted parent 3, presumably as a result of either stabi-
lization of the excited state or destabilization of the ground state.
The previously studied push–pull motor 5 has the most red-shifted
absorption. Despite the spectral shifts, the spectra all have similar
shapes and molar absorptivity, corresponding to a π–π∗ transition.
Quantum chemical calculations for 3 revealed this transition to be
localized on the ethylenic axle of the motor.9 The corresponding
emission spectra are weak and broad [Fig. 2(b)]. These data provided
the Stokes shift (expressed in wavenumbers; see Table I), where it
is seen that 3 has the largest overall Stokes shift, while 4 shows the
largest change between apolar cyclohexane and polar methanol. Sig-
nificantly, 1–4 all have a larger Stokes loss in apolar than in polar
solvent. This solvent dependence suggests that the origin of the
Stokes loss lies in solvent induced changes in the profile of the elec-
tronic spectra, rather than a change in permanent dipole moment
between ground and excited states due to stabilization by polar sol-
vation. The exception is the push–pull motor 5 described earlier,36

with the Stokes loss here indicating a more polar character in the
excited state due to the push–pull substitution. Table I also shows a
general trend toward a lower quantum yield of fluorescence in the
polar solvent methanol, which is consistent with earlier studies of 3
and 5. In that case, this effect of solvent polarity was assigned to a
reduced barrier to the CI in the excited state PES.21,23

This effect is particularly large for 4, which also had an anoma-
lously large decrease in Stokes shift in the polar solvent, suggesting a
significant solvent perturbation to the excited state PES in this case.

Ground-state Raman spectroscopy

The steady-state Raman spectra of all five derivatives were
recorded in the solid state under non-resonant (or pre-resonant)
conditions [λexc 532 nm, Fig. 2(c)], to probe the influence of
substituents on the ground state structure of PMMs. All deriva-
tives show Raman active modes in the region of 1500–1600 and
1200–1400 cm−1. In addition, all five motors show a moderate inten-
sity in the low wavenumber region (500–550 cm−1). All spectra show
variation in terms of relative intensity and wavenumber, indicating
a significant effect of substituent on Raman activity. Ground-state
density functional theory (DFT, rb3lyp/TZVP) calculations of the
Raman active modes were performed using Gaussian 1637 [shown in
Fig. 2(c)] to assign these spectra (see the supplementary material for
coordinates). Experimental and calculated spectra match well in the
region 1000–1700 cm−1 for all the derivatives, but the calculations
predict less activity in the low wavenumber region than is observed
experimentally, although there is good agreement in band position.
The calculations suggest assignment of the highest wavenumber
modes (near 1615–1630 cm−1) to stretching of the ethylenic C=C
axle coupled to either a symmetric or asymmetric ring C=C stretch
(displacements shown in the supplementary material, Fig. S1). The
1629 and 1617 cm−1 bands in motor 1 are the most blue-shifted
(higher wavenumber) of the derivatives, with the bands for the oth-
ers red-shifting in the order 2 < 3 < 4 < 5, although the overall shift
is small (the entire range is from 1629 cm−1 (1) to 1622 cm−1 (5) in
the highest wavenumber band). Similarly, DFT leads us to assign the
next highest frequency modes to symmetric and asymmetric C=C
ring stretches (see displacement in the supplementary material, Fig.
S1), e.g., at 1584 and 1568 cm−1 in motor 1 (again the most blue-
shifted). These modes also undergo a red-shift on substitution, again
in the order 2 < 3 < 4 < 5. Based on these observations, we conclude
that electron donating substituents lead to a slightly stronger C=C
bond, while electron withdrawing ones have the opposite effect. The

TABLE I. The absorption and emission maxima, the corresponding Stokes shift, and the fluorescence quantum yield (QY) of the PMM derivatives are tabulated.

PMM Solvent Absorption maxima (nm) Emission maxima (nm) Stokes shift (cm−1) Fluorescence quantum yield (%)

1 MeOH 386 476 4898 0.96
CyH 385 482 5227 1.9

2 MeOH 380 460 4577 0.09
CyH 379 459 4599 0.08

3 MeOH 371 484 6293 0.3
CyH 372 520 7651 0.65

4 MeOH 402 468 3508 0.2
CyH 398 556 7140 3.7

5 MeOH 421 508 4068 0.1
CyH 410 454 2364 0.17
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fingerprint region (1220–1520 cm−1) is dominated by ring stretch-
ing and C–H bending modes and shows significant variations with
respect to substituents [Fig. 2(c) and supplementary material, Fig.
S1]. A substituent effect is also seen in the low wavenumber region
(especially near 500–530 cm−1), which is dominated by the axle
pyramidalization coupled to an H out-of-plane bending (HOOP)
motion. The 517 cm−1 peak red-shifts, and the 536 cm−1 band
disappears upon introduction of electron withdrawing substituents
[Fig. 2(c)]. All these variations indicate that the substituents perturb
the Raman active modes of the aromatic core to which they are con-
jugated. The nuclear displacements of the most prominent modes
are illustrated in supplementary material, Fig. S1.

Time-resolved fluorescence

Time-resolved fluorescence upconversion (TRUC) measure-
ments were performed with a 50 fs time resolution, to investigate the
effect of substituents on excited state lifetimes.38,39 Figure 3 shows
fluorescence decay dynamics of all the five motors measured, which
are fitted using a sum of three exponentials function plus an off-
set (also shown). The complete list of decay constants are provided
in Table II. Such an ultrafast non-single exponential fluorescence
decay was previously observed for 3.23 The dominant ultrafast decay
component of 100 fs and the sub-picosecond decay indicate non-
single exponential relaxation of the bright Franck–Condon state
to a “dark” excited state. This ultrafast step is driven by strong
steric repulsion following a reduction in the axle bond order upon
electronic excitation. The dark state then contributes the lower
amplitude picosecond lifetime. Thus, the lower amplitude reflects
the significantly reduced fluorescence transition moment for this
state compared to the bright state, while its picosecond to tens
of picoseconds lifetime shows that further nuclear reorganization
over a potential barrier is required to access a CI with the ground
electronic state.

The prompt and fastest decay component (Table II) of 100 fs
(±40 fs) assigned to bright state decay is independent of substituent.
Evidently, steric repulsion dominates the fastest decay phase in 1–5.
The sub-ps and few-ps decay times were previously reported for 3 to
be sensitive to solvent viscosity, indicating a contribution of diffusive
motion along the PES. These slower components are here also shown

FIG. 3. Fluorescence decay of motors 1–5 with the fitted curve (black) measured
near the maximum (492 nm). Note the log timescale.

TABLE II. Fluorescence decay constants and corresponding amplitudes obtained
from fitting the TRUC data to a sum of three exponentials plus a fixed long component.
Data were measured near the maximum wavelength of 492 nm. Typical uncertainties
from repeated fitting are ∼20%.

PMM Solvent Upconversion time components (ps)

1 CyH 0.1 (75%) 2.0 (9%) 27.8 (11%) 1000 (5%)

MeOH 0.1 (81%) 1.8 (13%) 22.2 (5%) 1000 (1%)

2 CyH 0.1 (81.9%) 1.4 (10%) 8 (8%) 1000 (0.1%)

MeOH 0.1 (87.5%) 0.9 (8.45%) 3.3 (4%) 1000 (0.05%)

3 CyH 0.1 (69%) 1.2 (13%) 17.4 (13%) 1000 (5%)

MeOH 0.1 (76%) 1.4 (17%) 9.9 (6.8%) 1000 (0.2%)

4 CyH 0.1 (90%) 1.5 (6%) 39 (3%) 1000 (1%)

MeOH 0.1 (95%) 1.2 (4%) 12.4 (1%) 1000 (0.001%)

5 CyH 0.1 (93%) 0.37 (3.5%) 3.2 (3.3%) 1000 (0.2%)

MeOH 0.1 (85%) 0.44 (10%) 1.8 (4.9%) 1000 (0.1%)

to be substituent dependent (Table II). Comparing results in cyclo-
hexane, 1 and 4 have the slowest decay for both components, which
match with their higher fluorescence quantum yield (Table I). In
contrast, the push–pull derivative 5 has the fastest (0.4 and 3 ps) dark
state decay components. The next fastest is 2 (with a single methoxy
substituent) with the unsubstituted 3 having an intermediate decay
time. Note that for all derivatives, there is a minor (<5% weight)
longer lived component, which is difficult to resolve accurately, so
is represented here by an offset (arbitrary 1 ns component).

Clearly, in every case, the dark state decay is multi-exponential.
We suggest that this arises from multiple pathways to the CI in the
excited state arising from a complex landscape for both the poten-
tial energy surface and the emission transition dipole moment in
the dark state. The most obvious trend in this dataset is that asym-
metric substitution leads to a faster dark state decay, suggesting a
lowering of the barrier to the CI in these derivatives. In all cases, a
dark state decay is accelerated in polar methanol, consistent with the
fluorescence quantum yield and the previous assignments of a polar-
ity dependent barrier height.21,23 We note that the solvent polarity
effect is modest for 1, which also has the slowest decay, so it may
be that formation of the polar structure along the reaction coordi-
nate is less significant for the symmetric electron donating methoxy
substituents. Further analysis of this substituent and solvent depen-
dence would benefit from calculations on excited state structure and
dynamics.

TRUC measurements of 1–5 were performed at two emission
wavelengths, on the red and blue sides of the emission. As previously
discussed, 3 shows a wavelength dependent emission decay with the
amplitude of the fastest component decreasing on the red side of the
emission (data shown in Fig. S2).23 This represents the transition
from an emissive blue-shifted bright state to a less emissive longer
lived red-shifted dark state, not decay of excited state population.
A similar behavior is observed for derivatives 1, 2, and 4 (Fig. S2),
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suggesting a similar excited state mechanism. Significantly, 5 does
not show any wavelength dependence in its emission decay (Fig. S2),
as reported previously and assigned there to a fast (below the 50 fs
time resolution) decay of the bright state.36

Fluorescence coherence spectroscopy

A striking feature of the time resolved fluorescence data shown
in Figs. 3 and 4(a) is the oscillations superimposed on the decay,
which persist until 1 ps. The appearance of such coherent oscillations
in time resolved fluorescence is indicative of vibrational dynamics,
specifically in the excited electronic state, while the assignment to
ground or excited state modes can be ambiguous in measurements
such as ultrafast transient absorption.40,41 In general, two related
mechanisms lead to the observed oscillations. Impulsive excitation
of low frequency modes that are significantly displaced on elec-
tronic excitation leads to a modulation of the energy gap, giving
rise to an oscillation at the mode frequency in the mean wavelength
of the emission spectrum. In this mechanism, the transition dipole
moment is assumed independent of the vibrational coordinate. In
contrast, in the case that the transition dipole moment itself is a func-
tion of the coordinate, an oscillation in the spectral amplitude will
be observed, called a non-Condon effect. Distinction between these
two mechanisms is straightforward in wavelength resolved measure-
ments, where the former gives rise to out-of-phase oscillations on the
red and blue sides of the emission and a “phase flip” at the spectral
maximum, while the non-Condon effect yields in-phase oscillations
across the entire spectrum. A detailed description was presented
by Ishii et al. in the case of transient absorption.42 By subtract-
ing the fitted exponential decay, the oscillations are isolated in the
residuals and may be converted to a spectral amplitude by Fourier
transform [Figs. 4(b) and 4(c)]. Here, the wavelength resolved mea-
surements show that the oscillations in the excited state are in-phase
on the red and blue sides of the emission (Fig. S2), consistent with
amplitude modulation, indicating a coordinate dependence of the
transition dipole moment, the non-Condon effect. This result has
been seen in other generations of molecular motors and for other
excited state reactions.13,20,42 In the present case, we suggest that the
non-Condon effect arises because the coherent excitation modulates
progress along the bright to dark state to CI coordinate (Fig. 1),
which is accompanied by a decreasing transition dipole moment.

The low frequency excited state spectra recovered from the
Fourier transform are shown in Fig. 4(c). Motors 1–4 all show a well
resolved band near 130–150 cm−1. In addition, only motors 1 and 4
show a prominent broad peak near 50 cm−1. This lower frequency
band thus seems to be a feature of symmetrically substituted motors
(although it is absent in the unsubstituted 3). It is difficult to assign
these low frequency features to any specific normal mode. DFT cal-
culations for the electronic ground state predict a number of weakly
Raman active modes. Typically, the nuclear motions in these modes
are calculated to involve out of plane flapping of the two rings. We
have not been able to correlate any specific ground state mode with
the observed wavenumber (which is in the excited state) or with
progress along the excited state reaction coordinate (which involves
torsion and pyramidalization at the C=C bridge bond30,31,33). Inter-
estingly, 5 does not show any oscillations. We speculate that this is
associated with the distinct excited state dynamics of this derivative
compared to the other four, described elsewhere.36

We note that for 1–4, these low frequency modes persist in
the dark-state, indicating that they survive the sterically driven
ultrafast 100 fs relaxation out of the FC state. Such anharmonic
nuclear motion and rapid evolution in electronic structure might be
expected to lead to rapid damping of the coherently excited mode.
Where coherences are observed in states that are not directly opti-
cally excited, it has been suggested that they may be impulsively
excited by the ultrafast reaction itself, in this case the fast torsional
dynamics.43 In the present cases, the 150 cm−1 mode observed could,
indeed, be impulsively excited by a 100 fs excited state structure
change.

Femtosecond stimulated Raman spectroscopy

FSRS measurements were performed on all five motors to pro-
vide excited state vibrational spectra in the higher wavenumber
region. FSRS data have not previously been reported for the first
generation motors. In FSRS, an “actinic” pump pulse generates an
excited state population, which is probed by a time delayed pair of
pulses: a spectrally narrow Raman pump and a continuum probe.
Together, these create a stimulated Raman spectrum of the tran-
sient or product states. The experiment has been described in detail
elsewhere.11,44,45 Here, the Raman pump was fixed at 700 nm close
to resonance with the bright state. Figure 5(a) shows FSRS from 400
to 1700 cm−1 measured 200 fs after excitation for all five motor

FIG. 4. (a) Fluorescence decay of motors 1–5 measured at 534 nm (red edge) with the fitted curve (black), (b) residual from the fit, and (c) Fourier transform of the residuals
to give excited state coherent Raman frequencies.
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FIG. 5. Femtosecond stimulated Raman spectra of motors 1–5 at a pump–probe delay of (a) 0.2 ps and (b) 1 ps. The Raman pump was at 700 nm. (c) The measured peak
area dynamics for three prominent modes of the FSRS data in motor 3 are plotted with a fitting curve of ∼200 fs decay (black trace).

derivatives. The most intense bands are observed in the region
1300–1700 cm−1 and reveal a strong dependence on substituent.
These modes are assigned based on the ground state DFT calcu-
lations to C=C stretching modes of the axle and ring. The FSRS
amplitude decays rapidly, and by 1 ps, the signal to noise is poor
[Fig. 5(b)]. There is little evidence of temporal evolution of the
Raman spectrum on this time scale. The band area dynamics as a
function of delay time for motor 3 is shown in Fig. 5(c). The fast
decay of the peak area (for all three prominent peaks) with a time
constant ∼200 fs suggests that this signal corresponds to the bright
state spectrum (the dark state persists for tens of picoseconds where
an FSRS signal was not resolvable). From the lack of evolution and
the fast decay, we can conclude that the resonant FSRS signal (with
the 700 nm Raman pump wavelength employed) is dominated by
the bright state. Since the population remains on the excited state
surface, we assign this to an intrinsically greater stimulated Raman
cross section in this state. This is in contrast to earlier studies of
second generation motors where dark state FSRS was detected.10,20

This most likely arises from the 700 nm Raman pump wavelength
being near resonant with the very strong near IR S1 to Sn resonance
observed in bright state TA for these motors.36 It is difficult to be
more explicit as the specific mode enhancement depends on the in
general unknown mode displacements between S1 and Sn.46,47

Comparing the highest wavenumber mode in the FSRS near
1500–1600 cm−1 (assigned to axle C=C stretching by comparison
with ground state DFT), the most red-shifted band is found for the
unsubstituted motor 3. Thus, all substituents, whether electron with-
drawing or donating, give rise to a blue-shift [see Fig. 5(a)], which is
most marked for 1 and 5. In all PMMs, the C=C stretch is at a lower
wavenumber in the excited than in the ground electronic state. The
broad 1100–1250 cm−1 peak in FSRS shows moderately intense sig-
nals for motors 1, 2, and 5, while that for motors 3 and 4 are weak.
The low wavenumber regions show weak signals for motors 1–4,
while that for motor 5 is more intense; this is in sharp contrast to
the behavior at the lowest wavenumber [Fig. 4(c)], where excited
state Raman activity was absent for 5. The substituent dependent
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FSRS shows that the FC bright state structures are different for the
five motor derivatives. Evidently, the electron donating and with-
drawing substituents modify the ground and excited state electronic
structures in different ways. The ground state axle C=C mode in
motor 1 is the most blue-shifted, and it undergoes red-shifting in
the order 2 < 3 < 4 < 5. On the other hand, the bright state axle
C=C mode in motor 3 is the most red-shifted and it undergoes blue-
shifting by introducing any substituent. Interrogation of these trends
by excited state calculations would yield new information on PMM
excited state structure and dynamics and inform the design of more
efficient motors.

CONCLUSIONS

Novel first generation PMMs have been synthesized with donor
and acceptor substituents located in conjugation with the “axle”
double bond. The substituents have been shown to significantly
modify the photophysics, electronic structure, and vibrational spec-
tra of both the ground and the Franck–Condon excited bright
state. The effect of substituent on excited state vibrational modes is
markedly different to that in the ground state. This change has been
shown to correlate with changes in excited state dynamics and their
sensitivity to solvent. The origin of these effects has been discussed in
terms of substituent dependent electronic structures modifying the
excited state reaction coordinates, especially the barrier between the
dark state and the CI with the electronic ground state. Future stud-
ies of the evolution of excited state Raman spectra, along with high
quality quantum dynamics calculations, will provide detailed insight
into, and facilitate control over, the quantum yield of isomerization
in PMMs.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional experimental
details, tables, and figures of DFT calculations concerning struc-
ture and vibrational spectra; further data and figures on wavelength
dependent fluorescence decay and electronic spectra; and details of
synthetic procedures.
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