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Femtosecond torsional relaxation
J. Clark1*, T. Nelson2, S. Tretiak2, G. Cirmi3 and G. Lanzani4,5

Molecular conformational reorganization following photon absorption is a fundamental process driving reactions such as the
cis–trans isomerization at the heart of the primary step of vision and can be exploited for switching in artificial systems using
photochromics. In general, conformational change occurs on a timescale defined by the energy of the main vibrational mode
and the rate of energy dissipation. Typically, for a conformational change such as a twist around the backbone of a conjugated
molecule, this occurs on the tens of picoseconds timescale. However, here we demonstrate experimentally that in certain
circumstances the molecule, in this case an oligofluorene, can change conformation over two orders of magnitude faster (that
is sub-100 fs) in a manner analogous to inertial solvent reorganization demonstrated in the 1990s. Theoretical simulations
demonstrate that non-adiabatic transitions during internal conversion can efficiently convert electronic potential energy into
torsional kinetic energy, providing the ‘kick’ that prompts sub-100 fs torsional reorganization.

We discovered the phenomenon of femtosecond torsional
reorganization in oligofluorenes, a subset of a broad
class of conjugated materials that are widely studied

for their intriguing photophysics as well as for applications
in photonic1–5, light-emitting6,7 and photovoltaic devices8,9. A
characteristic of these systems is the torsional dynamics about
the conjugated backbone that can have a pronounced effect on
device physics and spectroscopy10,11. In solution, the inter-ring
dihedral angle modulates π-electron delocalization and affects the
molecular relaxation paths. Similar torsional motion is at the
root of isomerization of molecules such as retinal, found in the
eye12, or azobenzene, a common photochromic material13. In
general, following photoexcitation, the molecular conformation
relaxes towards a new equilibrium geometry14,15 typically on a
tens of picoseconds timescale12,13,16–21. Here we demonstrate that in
oligofluorenes in solution, we can speed up the torsional relaxation
from∼10 ps to<0.1 ps by exciting to a specific higher-lying excited
state denoted here as Sn. Non-adiabatic transitions during internal
conversion from Sn to the lowest-lying excited state, S1, allow
momentum redistribution so that electronic energy is efficiently
dumped into torsional modes. The excess kinetic energy in the
torsional modes at early times allows the nuclei to move almost
independently of the solvent environment and therefore undergo
sub-100 fs torsional relaxation in a quasi-inertial manner. Exciting
to another higher-lying state (Sm) does not have the same effect
and the ‘slow’ picosecond reorganization is recovered allowing us
to optically control the rate of conformational reorganization by
selectively exciting to Sn (<0.1 ps) or Sm (∼10 ps).

We believe the findings shown here are general for a broad
class of soft organic electronic molecular materials and suggest new
optoelectronic applications for the future. Moreover, our results
expose the fundamental rich physics of optical control of molecular
conformation by demonstrating experimental evidence of ultrafast
torsional reorganization.

Excited states of oligofluorenes
The absorption, photoluminescence and transient absorption (at
1 ps pump–probe delay) spectra of a penta-(9,9-dioctylfluorene) in
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dilute toluene solution are shown in Fig. 1a. Figure 1b shows the
calculated spectra (see Methods and Supplementary Information).
As with similar conjugated oligomers and polymers, the lowest-
lying excited states probed by these spectra are excitonic transitions
with varying degrees of delocalization. The degree of delocalization,
defined as the electron–hole separation, is depicted by ‘Le’ in
the transition density matrix plots in Fig. 1d. Each plot depicts
probabilities of an electron moving from one molecular position
(horizontal axis) to another (vertical axis)22,23. The plots show
that the S1 state is moderately delocalized (maximal distance
between electron and hole is less than two fluorene units)
whereas the higher-energy (two-photon allowed) Sn state is a
very delocalized transition. At a similar energy, a one-photon-
allowed Sm state is a highly localized benzene-like transition where
both an electron and a hole are confined to a single phenyl
ring. The absorption spectra of these three states are marked
in Fig. 1a,b.

Electronic transitions in soft materials such as these couple
strongly to intramolecular vibrations such as C=C stretching18,20,
giving rise to the structured vibronic peaks evident in the pho-
toluminescence spectrum in Fig. 1a. The striking lack of mirror
symmetry between the absorption and photoluminescence spectra
is due to coupling of the electronic transition to torsions of
individual fluorene units around the inter-monomer bond24,25.
These torsional modes have a pronounced effect on the spec-
troscopy of conjugated oligomers owing to a huge increase in
torsional frequency when going from the ground to the excited
state24,25. Absorption of light projects the broad distribution of
conformations of the oligomer (reflecting the shallow ground-state
torsional potential) onto a steep excited-state potential. Relaxation
narrows the distribution of torsional angles, leading to a global
flattening of the molecules in the ensemble and the narrowed pho-
toluminescence spectrum. This torsional relaxation occurs on the
picosecond timescale and can therefore be resolved using transient
absorption spectroscopy.

In this experiment, a sub-150 fs 3.18 eV pump pulse excites
the samples in the S1 absorption band creating S1 excitons that
are initially in the ground-state conformation, according to the
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Figure 1 | Excited states of oligofluorenes in solution. a, Absorption (black solid), photoluminescence (red dashed) and transient absorption (−1T/T, 1 ps
delay; blue markers) spectra of the fluorene pentamer in toluene solution. Absorption spectra of the heptamer (grey dashed) and trimer (grey dotted) are
shown for comparison. Coloured arrows denote approximate energies of the pump (blue, 3.18 eV), push (red, 1.59 eV) and ultraviolet-pump (cyan,
4.77 eV) pulses, as in part c. b, Calculated ground-state (black line) and excited-state (blue markers) absorption of the pentamer. Inset shows the chemical
structure of the oligomers with n= 3,5 or 7 (R is octyl for n= 3, 5 and hexyl for n= 7). c, Schematic (not to scale) showing the S0, S1, Sn and Sm states. S1

and Sm are excited through one-photon transitions (blue and turquoise arrows), whereas Sn requires two-photon or sequential (pump+push) excitation, as
marked (see text for details); the energies of the pump, ultraviolet pump and push are marked in a. d, Contour two-dimensional plots of transition density
matrices of the excited states S1, Sn and Sm for the fluorene pentamer. The axes label the repeat units of the oligomer. Each plot depicts probabilities of an
electron moving from one molecular position (horizontal axis) to another (vertical axis) following electronic excitation according to the colour code. Le
defines the exciton size (maximal distance between photoexcited electron and hole) on the polymer backbone.

Franck–Condon principle14,15. A broadband white-light probe
pulse transmitted through the excited sample at variable delays
is dispersed in a spectrometer and measured. In this way, the
excited-state absorption and stimulated emission of the oligomers
can be measured as a function of wavelength and time, providing
two-dimensional plots of 1T/T , such as those in Fig. 2. Here,
the positive signal is assigned to stimulated emission from the
singlet excitons, whereas the negative signal is assigned to singlet-
exciton absorption26,27. Within the first 40 ps, the spectra of
the pentamer and heptamer shift to lower energies (redshift)
whereas the singlet population does not decay significantly. The
shift is demonstrated by the black arrow in Fig. 2 and is due
to torsional relaxation as the molecular conformation changes
from the ground-state geometry to the more planar excited-state
geometry11,16–20,24,25,28,29. The lack of sizable shift in the trimer is
easily accounted for by considering the negligible reorganization
energy following excitation at the very edge of the absorption
spectrum, which corresponds to the planar molecules in the
conformational distribution.

Ultrafast planarization
Following the dynamics at the red edge of the stimulated emission
in Fig. 2 (470–480 nm) provides a handle with which to monitor
torsional relaxation. These dynamics are shown by the red lines
in Fig. 3a, demonstrating a slow rise as the molecules flatten
in the pentamer and heptamer samples. Using a second pump
pulse or push, which arrives a few picoseconds after the first
3.18 eV pump, we can excite the already excited molecules to the
higher-lying Sn state depicted in Fig. 1. The time delay between the
pump and push pulses is kept constant while the probe delay is
altered, allowing us to monitor the effect of the push pulse on the
stimulated emission dynamics.

The black lines with markers in Fig. 3a show the effect of
the push. On arrival of the push, the stimulated emission is
depleted. This is followed by a rapid increase in positive signal
that appears as an ‘overshoot’ compared with the original slow
torsional relaxation. As shown in Fig. 3a for the heptamer, the
overshoot recovers to close to the final value in a manner that
is independent of push timing. Figure 3b demonstrates that this

226 NATURE PHYSICS | VOL 8 | MARCH 2012 | www.nature.com/naturephysics

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nphys2210
http://www.nature.com/naturephysics


NATURE PHYSICS DOI: 10.1038/NPHYS2210 ARTICLES

0 10 20 30
460

480

500

520
W

av
el

ng
th

 (
nm

)

Trimer

0 10 20 30
460

480

500

520

W
av

el
ng

th
 (

nm
)

Pentamer

0 10 20 30
460

480

500

520

W
av

el
ng

th
 (

nm
)

Heptamer

Time (ps)

Time (ps)

Time (ps)

¬0.002

0.001

0.000

0.001

0.002

0.003

Δ
T/T

¬0.002

0.000

0.002

0.004

0.006

0.008

Δ
T/T

¬0.02

0.00

0.02

0.04

0.06

Δ
T/T

Figure 2 | Time-resolved torsional relaxation. Two-dimensional
pump–probe spectra (1T(τ ,λ)/T) of the trimer, pentamer and heptamer of
fluorene in toluene solution. The pentamer and heptamer show a dynamic
redshift, marked by the black arrow. The trimer shows a much smaller
redshift (black arrow) as the excitation wavelength is at the bottom of the
density of states (exciting already planar molecules).

overshoot is attributed to an ultrafast redshift of the spectrum.
The slow redshift seen in the left-hand panel of Fig. 3b reproduces
the data in Fig. 2 and demonstrates the slow torsional relaxation
discussed above17,19. The right panel, where the push arrives
at 2.5 ps, shows the same spectral shift but on a much faster
timescale; within 3 ps the full redshift has occurred. The push
therefore induces an ultrafast planarization of the oligomers
that leads to a redshift and a clear overshoot in the dynamics
in Fig. 3a.

The push-induced redshift occurs within 150 fs, the temporal
resolution of our instrument. To probe this with better resolution,
we used sub-20 fs push and probe pulses, produced using the
broadband output from two home-built non-collinear optical
parametric amplifiers, compressed using a prism pair or chirped
mirrors. The result is shown in Fig. 3c for the heptamer, which
shows the arrival of the push pulse at 0 fs (arbitrarily set to zero) and
the resulting overshoot. Fitting a mono-exponential rise provides

a time constant of ∼60 fs for the Sn–S1 internal conversion and
accompanying torsional relaxation.

One final note on the data in Fig. 3a is that if the push
arrives when the molecules are at or almost at the S1 equilibrium
geometry, the signal overshoots much further and then relaxes to
the final value on a slower picosecond timescale. This is shown
in the trimer (push at 4 ps) and in the heptamer when the push
arrives at 18 ps in Fig. 3a.

To clarify the nature of the Sn state reached by the push,
we probe the singlet absorption band at 820 nm and compare
it with the stimulated emission dynamics measured at 480 nm
(Fig. 4a,b). The effect of the push at 820 nm is much smaller
than that at 480 nm because there is an additional push-induced
absorption that overlaps with the stimulated emission at 480 nm.
Excited-state absorption in this region is often attributed to charge
(anion or cation) absorption30 and recent work demonstrates
similar behaviour in liquid4 and solid3 solutions of poly(9,9-
dioctylfluorene). In the polymer case, the push-induced absorption
was attributed to the formation of intrachain charge pairs that
recombined rapidly3,31. In the case of the oligomers studied here,
it is unlikely that charge pairs are stabilized on a single chain. We
therefore attribute the push-induced absorption to excited-state
absorption from Sn. Calculations demonstrate that it is a highly
delocalized state (Fig. 1d).We speculate that such a delocalized state
is likely to gain significant charge-transfer character in the solvent
environment, giving rise to an excited-state absorption similar to
a charge pair. There is much debate as to the configuration of
this excited state in polyfluorenes and other homo-polymers27,32,33
and our findings here could be direct evidence that the Sn state in
oligofluorenes is a charge-transfer-type state and as such a precursor
to fully charge-separated states34.

In addition, Fig. 4c shows the stimulated emission when exciting
to a highly localized Bu state known as Sm (Fig. 1) for the heptamer
in cyclohexanone solution. Apart from a slight negative signal at
early times, the same slow conformational relaxation seen when
exciting S1 (red line) is visible. Surprisingly, exciting to Sm does not
result in ultrafast planarization, as seenwhen exciting Sn, despite the
similar loss of electronic energy during internal conversion.

Non-adiabatic molecular dynamics: simulations
To rationalize these findings, we calculate the excited-state
dynamics using the recently developed non-adiabatic excited-state
molecular dynamics (NA-ESMD) framework35,36. The NA-ESMD
approach is described in the Methods and Supplementary Infor-
mation. Briefly, a molecular dynamics with quantum transitions
(MDQT) method allows us to model relaxation of photoexcited
wave packets from the different excited states (Sn and Sm). The
procedure is as follows. First, we run molecular dynamics at
room temperature in the ground state to produce 500 different
ground-state conformations of a fluorene pentamer. We then start
the NA-ESMD simulations after populating the Sn (or Sm) state
(500 times) allowing us to follow the internal conversion back to
S1 through multiple Born–Oppenheimer surfaces (for example, Sn
is about 23 states above S1) as the system passes non-adiabatic
regions and state switches occur. The 500 trajectories, which were
each started using a different molecular conformation, form a
photoexcited wave packet that is propagated at room temperature
for 400 fs. As a reference, we also carry out simulations of the
Born–Oppenheimer dynamics of the ground state, S0, and the
first excited state, S1, starting from the same initial conditions.
Figure 5 shows the main result of our modelling (detailed anal-
ysis of the computational results is given in the Supplementary
Information). Figure 5a shows the S1 population as a function of
time and demonstrates that the photoexcited wave packet placed in
Sn undergoes internal conversion (Sn→ S1) within 100 fs (that is,
∼75% of the trajectories end up on the S1 potential-energy surface
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Figure 3 | Experimental observation of ultrafast planarization. a, Pump–probe (red lines) and pump–push–probe (markers) dynamics of the trimer,
pentamer and heptamer in solution. The push arrives at 4 ps for the trimer and pentamer and at a variety of times for the heptamer (100 fs, diamonds;
1.2 ps, triangles; 2 ps, squares; 3.2 ps, circles; 18 ps crosses). b, Pump–probe (left) and pump–push–probe (right) spectra at the zero-crossing region for the
pentamer. Note the slow redshift in the pentamer pump–probe spectra. The push (arriving at 2.5 ps) causes an immediate redshift. c, Pump–push–probe
dynamics at 480 nm of the heptamer in solution, measured with ≤20 fs temporal resolution, showing only the arrival of the push (push arrival arbitrarily
set to 0 fs) and the subsequent recovery, which has a time constant of∼60 fs.

(PES) within this timescale). This is much faster than the internal
conversion from Sm, which is also shown. Figure 5b shows that the
ultrafast internal conversion from Sn to S1 is accompanied by a local
flattening of the molecule.

This ultrafast flattening can be described in the context of
previous work37,38 where at each surface hop (non-adiabatic
transition), the velocity of the wave packet is re-scaled in the
direction of the non-adiabatic coupling vector. Each non-adiabatic
transition therefore allows donation of electronic energy into the
torsional modes. Owing to the many non-adiabatic transitions that
occur between Sn and S1, momentum (and therefore kinetic energy)
is donated to the torsional motion causing rapid planarization.
The nuclei effectively gain such high kinetic energy that flattening
occurs within 100 fs.

The resulting near-zero average torsional angle in Fig. 5b appears
as arithmetic averaging of a minor portion of trajectories that
‘overshoot’ by flipping to a negative angle. Both the ultrafast
internal conversion and the planarization are consistent with
experimental findings in Figs 3 and 4 and will be discussed further
below.We note that, as expected, on the timescale of the calculation
(400 fs), the ground-state S0 torsional angle barely varies around its
equilibrium value whereas the S1 angular distribution reduces by
∼5◦ over 400 fs. Interestingly, the trajectory from Sm shows little
change in torsional angle over the first 400 fs.

Discussion
The surprising finding that the non-adiabatic dynamics starting
from Sn quickly flattens the molecule locally, leading to the ultrafast
conformational relaxation we have observed, is worthy of fuller
discussion. We start by considering the reason for the ultrafast
electronic part of the internal conversion between Sn and S1,

which effectively reduces the energy of the electronic state by
∼1.5 eV within 100 fs.

That internal conversion occurs on such a short timescale is not
obvious (for example, internal conversion from Sm is simulated to
be significantly slower). Its speed here is aided by several factors, as
discussed in greater detail in the Supplementary Information. First,
the underlying non-adiabatic dynamics involve transitions between
many intermediate states that lie between Sn and S1 (ref. 23) and
are similarly delocalized to Sn. The similarity results in large non-
adiabatic couplings between states, promoting fast down-energy
transitions. Second, PESs of delocalized excitons (particularly Sn)
are relatively steep along not only the torsional degree of freedom
(Supplementary Information), but also along the high-frequency
C=C stretching motions, which lead to a quinoid structure.
Consequently, the wave packet gains substantial velocity along
these two strongly coupled vibrational coordinates, transferring an
excess of the electronic energy into vibrations. The slower internal
conversion from the Sm state occurs because the relaxation process
cannot use the efficient non-adiabatic pathway followed by Sn
owing to reduced non-adiabatic coupling between localized (Sm)
and delocalized (S1 and other) states. As a result, the internal
conversion fromSm ismuch slower comparedwith that fromSn.

We have explained the ultrafast internal conversion from
Sn to S1 but have not yet fully accounted for the ultrafast
planarization that accompanies it. Although the Sn PES is steep in
the torsional direction, considering only adiabatic relaxation along
this coordinate is not enough to describe the increase in torsional
relaxation timescale that we observe.

We note that the ultrafast planarization is highly analogous to
the work on solvation dynamics39–41, where solvent reorganization
following photoexcitation of a solute is ultrafast owing to inertial
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Figure 4 | Nature of Sn and reorganization dynamics from Sm.
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480 nm in both cases.

motions of the solvent molecules. These initial motions are highly
local such that each solvent molecule moves independently from
the others in a manner determined by pairwise interactions with
the solute. The analogy here is clear; the ultrafast torsional motion
occurs on similar timescales, and locally flattens the molecule.
Indeed, subpicosecond torsional reorganization has previously been
observed in 9,9’-bianthryl in solution and described as inertial
torsional relaxation42,43. For such fast torsional motion to occur,
significant energy must be dumped into the torsional modes,
allowing the nuclei to move quasi-independently from the solvent
environment. The mechanism that converts the excess electronic
energy acquired from the push into kinetic energy of the nuclei
is the many non-adiabatic transitions that occur during internal
conversion (mentioned above).

Following previous work37,38, each non-adiabatic transition
allows donation of electronic energy into the torsional modes.
Owing to the many non-adiabatic transitions that occur between Sn
and S1, the nuclei effectively gain such high kinetic energy that they
move quasi-independently of the solvent in an almost frictionless
manner. Their speed is much higher than that allowed on the S1
PES by the local potential gradient during adiabatic adjustment. As
a consequence, flattening occurs within 100 fs.

We note that although the initial torsional relaxation occurs
within 100 fs, it is not truly ‘free’ motion. Figure 5b shows that the
initial torsional relaxation is linear in time, rather than quadratic, as
expected for free motion caused by a force. This demonstrates that
‘friction’ (dissipation of energy through coupling to solvent modes
for example) still plays a role in the initial relaxation pathway. On
the sub-100 fs timescale the non-adiabatic energy influx overcomes
this friction prompting large torsional reorganization. Once the
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Figure 5 | Photoinduced dynamics simulations for S0, S1, Sn and Sm

states, averaged over 500 trajectories to obtain statistical averages.
a, An increase of population of the S1 state during non-adiabatic dynamics
starting from Sm and Sn states. Population of Sn quickly drops to the S1

state within∼100 fs, showing ultrafast non-adiabatic relaxation, whereas
the Sm state relaxes on a much slower timescale (>400 fs). b, Variation of
the minimum torsion angle between fluorene units on each molecule
averaged over 500 molecules (snapshots) taken along the trajectory. The
curves for S0 and Sm are flat, showing no time dependence; the S1 state
shows weak torsional relaxation over the first 400 fs, whereas vibrational
relaxation following Sn excitation results in a local planarization of the
molecule within the first 100 fs of dynamics.

non-adiabatic energy influx is over, the anharmonic coupling
(friction) presumably regains control, slowing down the motion by
conversion of energy from torsional degrees of freedom into other
vibrational and solvent modes. This effectively damps the torsional
motion on longer timescales and prevents the molecules from
‘overshooting’ past the S1 minimum. The fact that the torsional
motion can overshoot is seen in Fig. 3a most clearly for the trimer.
When the excited molecules are already near the S1 PES minimum,
the push-induced inertial behaviour of the nuclei causes them
to become more planar than the S1 equilibrium geometry. The
subsequent ‘twisting’ of themolecule back to the S1 PES equilibrium
geometry (at 20◦ inter-monomer angle) occurs on a much slower
picosecond timescale. We think that it is only the ‘friction’ from
anharmonic coupling that prevents a similar over-planarization
fromoccurringwhen themolecules start off far fromequilibrium.

The lack of ultrafast planarization when exciting to Sm is due
partly to the flat PES of the Sm state, but more specifically to
the fewer non-adiabatic transitions that occur during internal
conversion between Sm and S1. We note that the flatness of
the PES and the lack of non-adiabatic transitions are actually
related as steep PES gradients generally lead to large components
of the non-adiabatic coupling vector along the given direction
(Supplementary Information). The lack of non-adiabatic crossings
means that the wave packet arrives at S1 with little kinetic energy
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in the torsional direction. Energy instead is slowly released through
damped torsional relaxation in the S1 PES.

Conclusions
We report here a sub-100 fs conformational reorganization in
oligofluorenes and propose that it is analogous to ‘inertial solvent
reorganization’ described in the 1990s (refs 39–41). To put these
findings into context, we compare them to one of the best-known
examples of conformational reorganization in molecular systems,
the primary step in vision (cis–trans isomerization in rhodopsin
and bacteriorhodopsin44–46). In these systems, photoisomerization
involves one electronic curve crossing (that is, a non-adiabatic
transition) between the S1 and S0 states that occurs within 200 fs.
However, most of the conformational change occurs adiabatically
on the ground-state PES with a slower picosecond timescale,
despite the ultrafast S1 to S0 internal conversion12,21. The cis–
trans conformational reorganization in rhodopsin can therefore
be directly compared to the adiabatic torsional relaxation of
oligofluorenes in the S1 state. The difference in this work is that
we can speed up the conformational reorganization by over two
orders of magnitude using a ‘kick’ from the push pulse, making it
substantially faster than the rhodopsin benchmark.

We note that subpicosecond (∼800 fs) torsional relaxation has
previously been demonstrated in bianthryl molecules and at-
tributed to inertial torsional relaxation42,43. However, this occurred
in the S1 excited state and the force driving the reorganization
was charge transfer. We propose that in the oligofluorenes studied
here, it is the many non-adiabatic surface hops during internal
conversion between Sn and S1 that drives the conformational
reorganization, causing it to occur in under 100 fs. Essentially, the
non-adiabatic surface hops dump energy into the torsional degrees
of freedom allowing the molecular rings in the excited fluorene
oligomer to rotate towards equilibrium almost independently of the
environment. This is a sort of incoherent light control that allows
one to decide in advance the path in configurational space, so that
the molecule either slowly planarizes (after S1 and Sm excitation)
or suddenly locks into the flat geometry (after Sn excitation). As
a matter of fact, we can speed up large torsional reorganization
well over 100 times in the same environment. This rules out
classical over-damping caused by the solvent cage interaction. We
speculate that ultrafast torsional relaxation may be exploited for
nonlinear optical processes in organic systems. The strong Stokes
shift associated with the ring conformational motion for example
suggests exploitation of this phenomenon for optical switching,
as re-excitation with a push pulse leads to a sudden shift of the
emission wavelength.

Methods
Experimental. Oligofluorenes were purchased from American Dye Source
and used as received. They were dissolved in toluene (for most experiments),
or cyclohexanone (for experiments requiring ultraviolet (260 nm) excitation as
cyclohexanone does not strongly absorb at 260 nm,whereas toluene does; both from
Aldrich) in air to form dilute solutions. Photoluminescence measurements were
carried out using a Cary Eclipse spectrophotometer. Absorbance measurements
were carried out on a Hewlett-Packard ultraviolet–visible spectrometer in
ambient conditions.

Conventional pump–probe transient absorption spectroscopy, as outlined
previously5,26, was carried out on the solution samples. In this experiment, pump
pulses at 3.18 eV (or 4.77 eV), the second (or third) harmonic of the output of a
CLARKTi:sapphire regenerative amplifier with a repetition rate of 1 kHz and a pulse
length of 150 fs, are focused to a∼200 µmdiameter spot, giving an excitation energy
density between 1 and 0.01m J cm−2. The probe beam is a white-light continuum
1.22–2.76 eV (450–1,100 nm), generated by focusing the CLARK amplifier output
onto a sapphire plate. Pump and probe pulses, delayed with respect to each other by
a computer-controlled delay line with ∼5 fs accuracy, are spatially overlapped on
the sample. The probe is then dispersed in a prism spectrometer and detected using
a Stresing optical multi-channel analyser with fast data acquisition. The pump
was mechanically chopped at 500Hz allowing on-the-fly measurements of the
pump-induced change in transmission (1T (τ ,λ)/T ) as a function of pump–probe
delay (τ ) and probe wavelength (λ).

Using a second ‘pump’ pulse or push pulse that arrives a few picoseconds after
the pump, as outlined previously5,31, we re-excite the already excited samples. We
use the Ti:sapphire laser fundamental at 1.57 eV for the push pulse as it excites
directly into the S1 absorption band. The push and probe maintain the 1 kHz
repetition rate of the laser, whereas the pump is mechanically chopped at 500Hz.
For each experiment, the pump and push delay is fixed while the relative probe
delay is scanned, as in the conventional pump–probe experiment. The effect of
the push pulse on the pump–probe spectrum is determined by comparing the
pump–probe and the pump–push–probe dynamics, as in Fig. 3.

For the short-pulse measurements with ≤20 fs temporal resolution shown
in Fig. 4c, pumping was from the second harmonic of the Ti:sapphire laser at
3.18 eV (∼150 fs) as above. However, the push and probe were generated using
two home-built non-collinear optical parametric amplifiers (centred at 750 nm
and 490 nm respectively) and compressed using either chirped mirrors or a prism
pair as outlined previously47. After the sample, the probe beam was filtered with a
470±10 nm interference filter and measured using a photodiode. A lock-in ampli-
fier, locked to the pump, was used to determine1T , which was then normalized for
the transmission to determine1T/T bothwith andwithout the push.

Theoretical. To model non-adiabatic excited-state dynamics in a photoexcited
polyfluorene pentamer and rationalize experimentally observed relaxation
timescales and concomitant conformational motions, we use the recently
developed non-adiabatic excited-state molecular dynamics (NA-ESMD) code. The
NA-ESMD approach combines the fewest-switches surface-hopping algorithm, as
it is used in the MDQT method38, with the ‘on the fly’ calculation of the electronic
energies, gradients and non-adiabatic coupling vectors for the excited states. The
configuration interaction singles (CIS) combined with the Austin Model 1 (AM1)
semi-empirical model Hamiltonian serves as a numerically efficient technique for
computing excited states in large systems. A detailed description of the NA-ESMD
implementation can be found elsewhere35,36. The MDQT treats the electronic
degrees of freedom quantum mechanically, whereas the motion of the nuclei is
treated classically. The nuclei of each trajectory are evolved on a single adiabatic PES
following the classical Langevin equation of motion. The probability for a quantum
transition from the present excited state to any other excited state depends on the
strength of the non-adiabatic couplings between excited states calculated at each
integration step along the trajectory. An appropriate statistical sampling is required
to compute detailed photoinduced wave-packet evolution (such as branching
and relaxation timescales). Consequently, a ‘swarm’ (typically a few hundred) of
classical trajectories with initial conditions selected should be propagated along
different excited-state PESs. Such treatment of non-adiabatic effects allows one to
preserve the detailed balance conditions and to account for trajectory branching.

We start with the ground-state geometry optimization at the AM1 level and
calculate ground- and excited-state absorption spectra shown in Fig. 1 using the
AM1-CIS approach. Two-dimensional plots of the transition density matrices
of the essential excited states are shown in Fig. 1 as well. We further continue
with the AM1 ground-state molecular dynamics simulations of 400-ps-long
Born–Oppenheimer trajectories at 300K with the time step1t = 0.5 fs. The system
was heated and allowed to equilibrate to a final temperature of 300K during the
first 20 ps. The Langevin thermostat48 was used to keep the temperature constant
with a friction coefficient ζ = 2.0 ps−1. The rest of the trajectory was used to
collect a set of initial positions and momenta for the subsequent simulations of
the excited states. Configurations were sampled for a total of 500 configurations.
Excited-state dynamics trajectories were started from these initial configurations
after photoexcitation. We considered several cases. Dynamics of the ground state
S0 and the first excited state S1, where the nuclei are propagated on a single
Born–Oppenheimer PES, serve as reference points. Modelling of photoexcited
dynamics after populating the highly excited Sn and Sm states targets the interband
relaxation through multiple Born–Oppenheimer surfaces as the system passes
non-adiabatic regions and state switches occur while the system relaxes back to
the S1 state. Fifty lowest excited states have been calculated for every snapshot to
determine energetic positions of Sn and Sm states. We further use the NA-ESMD
code to propagate all trajectories for 500 fs at 300K. A classical step1t = 0.1 fs and
Nq=3 quantum steps were used in all simulations.
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