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Torsional disorder and planarization dynamics:
9,10-bis(phenylethynyl)anthracene as a case
studyT
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Conjugated molecules with phenylethynyl building blocks are usually characterised by torsional disorder
at room temperature. They are much more rigid in the electronic excited state due to conjugation.
As a consequence, the electronic absorption and emission spectra do not present a mirror-image
relationship. Here, we investigate how torsional disorder affects the excited state dynamics of 9,10-
bis(phenylethynyl)anthracene in solvents of different viscosities and in polymers, using both stationary
and ultrafast electronic spectroscopies. Temperature-dependent measurements reveal inhomogeneous
broadening of the absorption spectrum at room temperature. This is confirmed by ultrafast
spectroscopic measurements at different excitation wavelengths. Red-edge irradiation excites planar
molecules that return to the ground state without significant structural dynamics. In this case, however,
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re-equilibration of the torsional disorder in the ground state can be observed. Higher-energy irradiation
excites torsionally disordered molecules, which then planarise, leading to important spectral dynamics.
The latter is found to occur partially via viscosity-independent inertial motion, whereas it is purely
diffusive in the ground state. This dissimilarity is explained in terms of the steepness of the potential
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1 Introduction

Over the past few decades, conjugated polymers and oligomers
have attracted increasing attention because of their electronic
properties that make them important constituents of devices
designed for a broad range of applications, including solar
energy conversion,' > molecular electronics and photonics.’™°
A large number of these molecules contain phenylethene or
phenylethylene building blocks that confer them significant
torsional flexibility. They can, thus, exist with a relatively large
distribution of a torsional angle at room temperature.
In contrast, conjugation in the electronic excited state strongly
reduces this torsional flexibility. Because of these very different
potentials along the torsional coordinate in the ground and
excited states and of the torsional disorder in the ground state,
the electronic absorption spectra of these compounds generally
consist of broad and structureless bands. On the other hand,
the emission from the equilibrated S, state results in narrower
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and structured spectra and, thus, to a non-mirror-image rela-
tionship with the absorption spectrum.'™'* Consequently,
S; < S, excitation of these molecules can be expected to be
followed by substantial structural relaxation, mostly planariza-
tion, that should be accompanied by changes in the emission
spectrum. Using time-correlated single photon counting with a
45 ps instrument response function, Sluch et al. could resolve
the narrowing of the blue edge of the emission spectrum of a
polyphenylethylnylene oligomer in chloroform with a 60 ps
time constant."' Using electronic transient absorption (TA),
Duvanel et al. found that the stimulated emission spectrum
of a similar polyphenylethylnylene oligomer in toluene changes
from broad to structured with a ~30 ps time constant.'?
Roy et al. concluded from a transient absorption and Raman
loss study of bis(phenylethynyl)benzene in acetonitrile that
the central and terminal benzene rings relax on different
timescales, ~500 fs and ~20 ps, respectively.”> They also
observed that structural relaxation was negligible upon excita-
tion on the red side of the absorption band. This is consistent
with the observation of an excitation wavelength dependence of
the fluorescence spectrum of this molecule in a low-temperature
glass reported by Beeby and co-workers.'* Torsional dynamics
of shorter molecules, such as tetraphenylethylene, were reported
to be much faster and to occur on a sub-ps timescale in
butyronitrile.” Planarization dynamics were also observed using
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Fig.1 (A) Calculated (M06-2x/6-31G(d,p)) energy of the ground and

excited states of BPEA along the torsional coordinate 6 and thermal energy
at room temperature. (B) S;—Sp absorption and emission bands of BPEA
in CHX compared with the calculated gas-phase spectra and the main
transitions shifted by 500 and 300 cm™?, respectively.

many multichromophoric systems, with a single bond connec-
tion,"**® or with conjugated bridges,">** on timescales ranging
from a few ps to several tens of ps.

Understanding torsional dynamics and its dependence on
the environment is important for most applications of conju-
gated molecules. For example, charge and exciton transport in
conjugated systems are most efficient with planar conforma-
tion and are, thus, strongly affected by torsional disorder.>*™>°
Similarly, recently developed mechanosensitive probes have
been shown to rely on the effect of torsion on conjugation.””*®
Finally, torsion is often invoked as a crucial coordinate in charge
separation processes.**?

Herein, we present our investigation of the torsional
dynamics of 9,10-bis(phenylethynyl)anthracene (BPEA, Fig. 1A)
in both the lowest singlet excited state and the ground state in
liquids of different viscosities and in polymers, using a combi-
nation of fs broadband transient absorption (TA) and fluorescence
up-conversion spectroscopy (FLUPS). BPEA is characterised by a
high fluorescence quantum yield and is widely used as an emitter
in chemiluminescence,®*** luminescent molecular liquids,”
optoelectronics,***® sensors,*® triplet-triplet annihilation up-
conversion,**™*> and more recently as dye for singlet fission.****
In solution, the S;-S, absorption and emission bands of BPEA
do not exhibit a mirror-image relationship: the absorption band
is broad and structureless, whereas the emission band is
structured.*®"” Levitus and Garcia-Garibay as well as Beeby and
co-workers attributed this to the coexistence of several conforma-
tions in the ground state.*®*® From temperature-dependent mea-
surements of the stationary electronic absorption spectrum and
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quantum-chemical calculations, we indeed show that the room-
temperature spectrum of BPEA can be reproduced assuming a
distribution of conformations with different dihedral angles of
the phenyls relative to the anthracene core. Our FLUPS measure-
ments with a sub-100 fs resolution reveal a strong time depen-
dence of the emission spectral shape, which can mostly be
attributed to planarization in the S; state. A significant excitation
wavelength dependence of the spectral dynamics is observed in
the TA data, indicating that distinct subpopulations of BPEA with
different geometries can be selectively excited. The spectral
dynamics in the bleach region gives access to the equilibration
dynamics along the torsional coordinate in the electronic ground
state. Our results reveal different viscosity dependence of the
torsional motion in the S; and ground states.

2 Experimental
2.1 Samples

The dye, 9,10-bis(phenylethynyl)anthracene (BPEA), was pur-
chased from Santa Cruz Biotechnology Inc. (99.9%) and was used
without further purification. The solvents, cyclohexane (CHX),
decaline (DEC), paraffin oil (PAR) and 2-methyltetrahydrofuran
(MTHF) were of the highest commercially available purity and
were used as received. To prepare the polyvinylbutyral (PVB,
Mowital B60 H) and Zeonex (480R, Zeon) films, BPEA was added
to polymer solutions in dichloromethane (PVB) or toluene
(Zeonex). After evaporation of the solvent, the films were kept
in a vacuum for one week. They were then slightly warmed up
and compressed between two quartz windows. Their absor-
bance was between 0.1 and 0.2 at the maximum of the S; « S,
absorption band of BPEA.

2.2 Stationary spectroscopy

Electronic absorption spectra were recorded using a Cary
50 spectrometer. Room-temperature stationary fluorescence
spectra were measured using a Horiba FluoroMax-4 spectro-
fluorometer, whereas temperature-dependent fluorescence
spectra were recorded using a Cary Eclipse spectrofluorometer.
The fluorescence spectra were corrected using a set secondary
emissive standards.”® Measurements at different temperatures
were carried out using an Oxford OptistatDN cryostat.

2.3 Fluorescence up-conversion spectroscopy (FLUPS)

The setup for broadband fluorescence up-conversion spectro-
scopy (FLUPS) was described earlier® and was based on the
design described in ref. 51. The pump pulses at 400 nm were
generated by the frequency doubling part of the output of a
Ti:Sapphire amplifier system (Spectra-Physics, Solstice Ace,
5 kHz). The pump pulses at 375 and 425 nm were produced
using a TOPAS-Prime combined with a NirUVis module (Light
Conversion). The gate pulses at 1340 nm were generated using
an optical parametric amplifier (TOPAS C, Light Conversion)
pumped at 800 nm. The polarization of the pump pulses was at
magic angle relative to that of the detected fluorescence. The
full width at half maximum of the cross-correlation of the
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pump and gate pulses was estimated from the Raman signal
of the solvent to be less than 100 fs. The detection of the
up-converted fluorescence was achieved using an Andor DV420A-
BU CCD camera (Oxford Instruments) combined with a spectro-
graph and an optical fiber bundle. Photometric correction of
the emission spectra was performed using secondary standards.
The chirp was corrected using the rise of the fluorescence of BBOT
solutions. The absorbance of the samples at the excitation wave-
length did not exceed 0.2 in a 1 mm quartz cuvette. The FLUPS
spectra were corrected for the reabsorption.

2.4 Electronic transient absorption (TA) spectroscopy

Transient absorption (TA) measurements were performed with
a setup described in ref. 52 and 53 and based on an amplified
Ti:Sapphire system (Solstice Ace, Spectra-Physics), producing
35 fs pulses centred at 800 nm with a 5 kHz repetition rate.
In brief, the pump pulses were produced by a TOPAS-Prime
combined with a NirUVis module (Light Conversion), and were
compressed to 60-100 fs at the sample position. The pump
intensity on the sample was ~0.15-0.75 mJ cm™>. For measure-
ments with polymer films, the samples were continuously
moved laterally and vertically according to Lissajoux functions
to avoid the prolonged irradiation of the same spot. Probing
was achieved from about 320 to 750 nm using white light pulses
generated in a 3 mm CaF, plate. The polarisation of the pump
pulses was at magic angle with respect to that of the probe
pulses. The sample cell was 1 mm thick and the instrument
response function had a full width at half maximum varying
between 80 and 350 fs, depending on the probe wavelength.

2.5 Quantum-chemical calculations

All calculations were carried out at the density functional theory
(DFT) or time-dependent (TD) DFT level in the gas phase, as
implemented in the Gaussian16 (Rev. B) software.”® Different
functionals were tested with the 6-31G(d,p) basis set (see
Table S1, ESIT). The M06-2x functional®® was finally selected
as the calculated S; « S, transition energy was the closest to
the experimental value. Calculations of the vibronic structure of
the S;-S, absorption and emission spectra were performed
using the Franck-Condon-Herzberg-Teller method.>® All vibra-
tion frequencies were multiplied by a correction factor of 0.95.>”

3 Results

3.1 Quantum-chemical calculations

Fig. 1A shows the energy of the ground and S, excited states of
BPEA as a function of the dihedral angle 6 between the two
phenyls and anthracene. The energy of both states was opti-
mised for each 0 value. The ground state potential is shallow
with a double minimum of around +10°, and a negligibly small
barrier, <10 cm ™!, in between. The excited state potential is
significantly steeper with a clear minimum at the planar
geometry. The potentials for the torsion of a single phenyl are
similar to those shown in Fig. 1A but the barriers are twice as
small. Consequently, at room temperature, 0 can vary between
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+40° in the ground state and between £18° in the S; state.
TD-DFT calculations suggest that the S; < S, transition energy
of BPEA increases by 0.1 eV (840 cm ') by varying 6 from 0 to
40° (Fig. S1, ESIT). Therefore, the absorption band of BPEA can
be expected to be inhomogeneously broadened at room tem-
perature. The calculations also predict that this variation of 0
should be accompanied by a decrease of the oscillator strength
from 0.90 to 0.76 (Fig. S2, ESIt). This effect can be explained by
the decrease of conjugation upon torsion.

Fig. 1B illustrates the calculated gas-phase absorption
and emission spectra of BPEA with the vibronic structure.
The calculated absorption transition energies were shifted by
500 cm ™', whereas those for emission were shifted by 300 cm ™.
Considering that the measurements were performed in CHX at
room temperature, the agreement between the experimental and
calculated emission spectra is good. To achieve this, a Gaussian
broadening function with a full width at half maximum of
200 cm™* was used. Applying the same broadening function for
the absorption spectrum results in a close to mirror-image
relationship in contrast to the experiments. The measured
absorption spectrum can be approximately reproduced assuming
a 650 cm™ ' wide broadening function. According to these
calculations, the vibronic structure is dominated by three

Franck-Condon (FC) active vibrations at 160, 382 and 1300 cm ™.

3.2 Stationary spectroscopy

The absorption and fluorescence spectra of BPEA were mea-
sured in MTHF as a function of temperature down to 105 K.
As illustrated in Fig. 2A, the S; < S, absorption band at room
temperature is broad and hardly structured as already observed
before in other solvents.’®™*® As temperature is lowered, the
vibronic structure becomes more visible, the band maximum
shifts to lower energy and the band area increases. The change
in the spectral shape is consistent with a narrower distri-
bution of the torsional angle as thermal energy decreases.
It should be noted that the spectrum does not change much
below 137 K, the freezing point of MTHF. This suggests that the
distribution of torsional angle cannot reach thermal equili-
brium in a solid. Narrower absorption spectra were reported by
Beeby and co-workers at 77 K in the ether-isopentane-ethanol
mixture, which has a glass transition temperature below
100 K.*®

According to the calculated ground state potential for
torsion (Fig. 1A), 0 can vary between +25° at 140 K. This
corresponds to a change of S; « S, transition energy of only
0.03 eV (240 cm '), hence to a significant decrease in inhomo-
geneous broadening. The small thermochromism of the band
can be attributed to the temperature dependence of the refrac-
tive index, hence the increase of dispersion interactions upon
decreasing temperature. Finally, the increase of the band area
upon lowering the temperature is fully consistent with the
increase of the oscillator strength upon planarization predicted
by the quantum-chemical calculations. The low-temperature
absorption spectrum is in much better agreement with that
deduced from the quantum-chemical calculations assuming
the same line width as for the emission.
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Fig. 2 (A and B) Temperature dependence of the stationary absorption
spectrum of BPEA in methyltetrahydrofuran (MTHF) and polyvinylbutyral
(PVB). (C) Best-fit of the convolution of the 143 K spectrum with egn (1) to
the room-temperature spectrum of BPEA in MTHF.

Similar measurements in polymer films, PVB and Zeonex
(Fig. 2B and Fig. S5, ESIf) point to a negligible temperature
dependence of the absorption spectrum of BPEA. This confirms
that, in the ground state, equilibration along the torsional
coordinate is not possible in solids. This result contrasts with
that reported by Levitus and Garcia-Garibay,*® who found that
the absorption spectrum of BPEA in polyethylene films was
structured, indicative of a narrow distribution of the torsion
angle. This difference probably arises from the fact that the dye
molecules were adsorbed onto the polyethylene film, whereas
in our case, BPEA and the polymers were co-dissolved.

These temperature-dependent measurements are consistent
with a distribution of torsion angle and S; « S, transition
energy. To obtain a deeper insight into the nature of the broad
absorption band of BPEA at room temperature, we used the
potential along 0 in the ground state shown in Fig. 1A to
determine the Boltzmann distribution of 0 and of the transition
energy. We first reproduced the potentials for S, and S; (FC),
ie., S; at the ground state geometry, with the Pitzer potential®®
to obtain continuous functions of the S; (FC)-S, energy gap vs.
0. We then calculated the ground state population at each angle
(Fig. S3, ESIt) to finally obtain the distribution of S; « S,
transition energies, which should reflect the inhomogeneous
broadening of the absorption band at room temperature.
As depicted in Fig. S4 (ESIt), this distribution can be well
reproduced using an exponential function with a maximum
at the lowest transition energy and a damping constant of
f=1.45 x 107 cm:

J@) = Hv — vo)exp(—p( — 1)), (1)

where H(U — v,) is the Heaviside step function and v, is
the lowest 0-0 transition energy, corresponding to the planar
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geometry. Fig. 2C reveals that the broad absorption spectrum
of BPEA in room temperature MTHF can be reproduced by
convolving the structured absorption spectrum at 143 K
with eqn (1), using a damping constant of f = 2.4 x 10> cm.
The significantly larger ff value compared to that obtained from
the quantum-chemical calculations can be explained, at least
partially, by the fact that some inhomogeneous broadening is
already present at 140 K. Therefore, eqn (1) with f = 2.4 x
10~% em corresponds to the additional broadening occurring
when going from 140 K to room temperature, but not to the
total broadening. Additionally, the decrease of the oscillation
strength with increasing torsion angle was not taken into
account. In the case of the structurally related bis(phenyl-
ethynyl)benzene, DFT calculations were found to overestimate
the torsional barrier in the ground state.>® Such a discrepancy
for BPEA in both the ground and excited states could also
explain different f§ values.

As illustrated in Fig. 3A, the fluorescence spectrum of BPEA
in MTHF exhibits much weaker temperature dependence,
in agreement with a steeper potential for torsion and, thus,
a narrower distribution of # and S; — S, transition energy.
In polymer films, the emission spectrum (Fig. 3B and Fig. S6,
ESIt) does essentially not depend on temperature, as was
already found with the absorption. However, in contrast to
the absorption, the fluorescence spectrum shows a clear vibro-
nic structure, although it is significantly broader than in
liquids. This absence of mirror-image symmetry in polymers
independently of temperature reveals that, whereas torsional
motion is ‘frozen’ in the ground state, it can still occur, at least
partially in the excited state. This difference can be attributed to
the steeper torsional potential in the S; state. Upon excitation
to the S; state, a distorted molecule becomes so structurally

Wavelength / nm

550 500
T T T T [

Norm. Fluorescence

16 18 20

2 22 x10°
Wavenumber / cm

Fig. 3 Temperature dependence of the stationary fluorescence spectrum
of BPEA in (A) methyltetrahydrofuran and (B) polyvinylbutyral upon 430 nm
excitation.
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strained that partial relaxation is most probably feasible with-
out significant motion of the surrounding polymer molecules.

3.3 Femtosecond broadband fluorescence up-conversion
spectroscopy (FLUPS)

FLUPS measurements were carried out with BPEA in three non-
polar solvents of increasing viscosity, 1, namely cyclohexane
(CHX, 5 (25 °C) = 0.9 cP), decaline (DEC, 5 (25 °C) = 2.4 cP) and
paraffin oil (PAR, 7 (25 °C) ~ 100 cP). Excitation was performed
at 375, 400 and 425 nm. Because of the presence of cut-off
filters after the sample to remove the scattered pump light, the
blue side of the emission spectrum could not be measured
upon longer-wavelength excitation. FLUPS spectra recorded at
various time delays after 425 nm excitation of BPEA in CHX are
presented in Fig. 4A. Global analysis assuming a series of four
successive exponential steps with increasing time constants
could appropriately reproduce these data. The resulting-
evolution associated spectra (EAS) and time constants are
shown in Fig. S7 (ESIt). These spectra cannot be necessarily
attributed to a given state/species but allow for a visualisation
of the spectral dynamics.®®®" For the same reason, the time
constants reflect the timescale of the spectral dynamics. The
early emission spectrum is broad and structureless. In the
transition dipole representation,®” it bears a strong resem-
blance with the mirror image of the absorption spectrum, as
illustrated in Fig. 4B. This early spectrum suggests the onset of
a shoulder above 22 400 cm . The emission in this range is at a
higher energy than the S; (v =0) « S, (v =0) transition of planar
molecules, which can be estimated to be around 21800 cm ™.
It could thus arise from a vibrationally excited state, ie. S;
(v = 1) > S (v=0), or from the S; (v=0) — S, (v = 0) emission
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Fig. 4 (A) Transient fluorescence spectra recorded at various time delays
after 425 nm excitation of BPEA in cyclohexane. (B) Comparison of the
early transient fluorescence spectrum with the stationary fluorescence and
absorption spectra in the transition dipole representation.
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of strongly distorted molecules. According to the quantum-
chemical calculations discussed above, the emission from
distorted molecules should remain below 22700 cm ' (ie.
21800 + 840 cm ') at room temperature. On the other hand,
according to the vibrational progression of the fluorescence
band, the S; (v =1) — S, (v = 0) transition should be around
22700 cm ™. Most probably, both phenomena contribute this
high-energy emission.

During the first ps, the high-energy side of the spectrum
undergoes a significant narrowing and a vibronic structure
starts to appear. During the next ~10 ps, the spectrum becomes
more structured and the band area increases. Afterwards, the
spectral shape remains unchanged, and the intensity decreases
slowly, in agreement with the nanosecond fluorescence lifetime of
BPEA.” No significant difference in the FLUPS spectra could be
observed upon 375 and 400 nm excitation (Fig. S8, ESIT).

The FLUPS spectra measured in DEC and PAR show qualita-
tively the same dynamics as those in CHX. Global analysis
reveals that the initial narrowing on the blue side of the
spectrum occurs on a similar timescale in all three solvents
(Fig. S9, ESIt). However, in PAR, the final stage of the spectral
dynamics is associated with significantly slower time constants,
of the order of 100 ps, than in CHX and DEC, where the
spectrum reaches its final equilibrated shape with 5-10 ps time
constants.

To try to better quantify these spectral dynamics and deter-
mine the effect of the viscosity and possibly of the excitation
wavelength, two approaches were tested.

(i) The increase of the emission band area should reflect the
increase of the oscillator strength upon planarization.
As depicted in Fig. 5 with measurements upon 425 nm excita-
tion, about 70% of the total rise occurs within 200 fs in all three
solvents. Afterwards, the rise shows a distinct solvent depen-
dence. Intensity normalisation of these time profiles by tail
matching reveals that the kinetics in DEC merge with those in
CHX after about 10 ps, while it takes more than 200 ps for those
in PAR. Multiexponential analysis was performed to isolate the

T T T T 1 T T
- CHX
DEC
PAR
o L _
o
<
©
o | _
© 4
m »
- e
E | £l _
S =
b
0 | 1 1 1
0 1 2 3 4 5 I
In (n/cP)
1 | | \\ | |
0 5 10 15 20 200 400
Time / ps

Fig. 5 Time evolutions of the fluorescence band area measured upon
425 nm excitation in different solvents and normalised by tail matching
with best multiexponential fits. Inset: log—-log plot of the solvent-
dependent rise time vs. viscosity and best fit of eqn (2). (CHX: cyclohexane;
DEC: decaline; PAR: paraffin oil)
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viscosity-dependent component of the rise. Its time constant
varies from about 0.7 ps in CHX to more than 100 ps in PAR
(Table S2, ESIT). Aweak 10 ps rising component is also visible
in all three solvents. It is tentatively assigned to vibrational
cooling. The viscosity dependence of a time constant associated
with large-amplitude motion is usually well reproduced using
the following expression:®

T = Cy’, (2)

where the exponent « ranges typically from 0.1 to 1. The inset of
Fig. 5 shows a log-log plot of the solvent-dependent time
constant vs. viscosity together with the best fit of eqn (2) with
o = 1.03 £ 0.08. This result suggests that a large fraction of
the structural relaxation of BPEA occurs via inertial motion,
i.e. is independent of the solvent. This is consistent with the
fluorescence data in polymers, showing that partial structural
relaxation can occur even in a rigid environment. However, full
equilibration requires the displacement of the surrounding
solvent, hence diffusive motion. No significant excitation
wavelength dependence of the band area dynamics could be
detected.

(ii) The appearance of a vibronic structure in the emission
spectrum reflects the decrease of the torsional disorder due
to the steeper excited state potential, hence a decrease of inho-
mogeneous broadening. To quantify this process, the convolution
of a late, >1 ns, FLUPS spectrum, corresponding to the equili-
brated S, state, with the broadening function, f(7) (eqn (1)) was
fitted to earlier FLUPS spectra. As illustrated in Fig. 6A with the
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Fig. 6 (A) Best fits of the convolution of a late FLUPS spectrum with egn (1)
to the FLUPS spectra recorded at early times upon 425 nm excitation of BPEA
in cyclohexane. The spectra were vertically shifted for better visualisation.
Inset: broadening function, f(©) (egn (1)), used to reproduce the FLUPS
spectra. (B) Time evolutions of the damping constant, f8, used to reproduce
the FLUPS spectra measured in cyclohexane (CHX), decaline (DEC) and
paraffin oil (PAR) and best (multi)-exponential fits.
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data measured upon 425 nm excitation, the FLUPS spectra
recorded after about 300 fs could be well reproduced using a
fixed v, value but a varying damping constant f3. The fit to earlier
FLUPS spectra was not as satisfactory and, consequently, these
data were not considered. This disagreement is mostly due to the
neglect of the emission from a vibrationally excited state, which
appears at a shorter wavelength. Fig. 6B indicates that the
damping parameter amounts initially to less than 2 x 107% cm
and increases continuously above 8 x 10~ em. This change of
f points to an important decrease of the inhomogeneous broad-
ening upon excitation, as expected. In CHX, the increase of f§
could be well reproduced using an exponential function with a
3.1 ps time constant. The increase is significantly slower in DEC
and PAR and required the sum of two or three exponential
functions to be reproduced with average time constants of
7.1 and 135 ps, respectively. The analysis of the viscosity depen-
dence of this average time constant using eqn (2) yields an o
value of 0.80 + 0.02 (Fig. S10, ESIf). In this case again, no
significant dependence on the excitation wavelength could be
observed.

Both approaches result in similar « values. In the first one,
only the solvent-dependent rising component of the band area
is taken into account. The second one cannot be used for the
early part of the spectral dynamics, because it presupposes that
the Franck-Condon factors do not change with time, which is
clearly not valid on timescales where vibrational relaxation is
taking place. Therefore, neither of these approaches consider
the inertial friction-independent part of structural relaxation.

3.4 Electronic transient absorption spectroscopy (TA)

TA spectra recorded in CHX at various delays upon 400 and
470 nm photoexcitation of BPEA are presented in Fig. 7A and B.
Whereas 400 nm corresponds to the blue edge of the S; « S,
absorption band and should lead to the excitation of torsionally
disordered molecules, 470 nm is at the red edge of the absorp-
tion band and should, in principle, result in the excitation of
planar molecules only. The TA spectra are dominated by two
positive bands which can be assigned to the excited state
absorption (ESA), ESA,.q between 500 and 600 nm, and ESAp,e
between 350 and 400 nm, and by negative features in between,
which arise from the S; — S, stimulated emission (SE) and
ground state bleach (GSB). At time delays larger than about
50 ps, the TA spectra and their dynamics are the same at both
excitation wavelengths: all bands decay on a ns timescale in
agreement with the excited state lifetime of BPEA. Conse-
quently, the ESA and SE bands can be assigned to the fully
equilibrated S, state.

In contrast, significant dependence on the excitation wave-
length can be observed in the early TA spectra. Upon 400 nm
excitation, the negative band is initially broad and structure-
less. This band narrows rapidly and a vibronic structure coin-
ciding with the fluorescence spectrum develops above 480 nm.
In parallel, the intensity of ESA.q increases by about 50%
whereas the low-energy side of ESAp,e narrows significantly.
None of these initial spectral dynamics can be observed upon
470 nm excitation. However, a sharp negative feature is visible
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around 440 nm and decays on the 1 ps timescale, in parallel
with a decrease of the main negative band around 470 nm.
The TA spectra recorded in DEC and PAR are essentially the
same as in CHX and exhibit an identical dependence on the
excitation wavelength (Fig. S11 and S12, ESIt). The only differ-
ence is that the effect of the excitation wavelength vanishes at
later time than that in CHX. TA measurements in DEC were
also carried out upon 450 nm excitation, i.e. at the maximum of
the S; < S, absorption band. The resulting TA dynamics are
very similar to those measured upon 400 nm excitation
(Fig. S11, ESTY).

These differences in the early spectral dynamics can
undoubtedly be attributed to the occurrence of vibrational
and structural relaxation upon 400 nm excitation. The trans-
formation of the negative band from broad to structured
coincides with that observed by FLUPS and was, thus, not
further investigated. On the other hand, about 60% of the
increase of ESA,q occurs within the IRF in CHX, and the
remaining part can be reproduced using the sum of two
exponential functions with an amplitude-averaged time con-
stant of 3 ps, in good agreement with that obtained from the
analysis of the FLUPS spectra using approach (ii). These slower
rising dynamics exhibit a distinct viscosity dependence as
illustrated in Fig. 8, which can also be reproduced by a sum
of exponential functions. The analysis of the amplitude-
averaged time constant using eqn (2) gives an « value of
0.7 £ 0.1, in good agreement with those obtained from the
analysis of the FLUPS data. The time evolution of the area of
the low-energy side of ESAy,. requires the sum of at least three
exponential functions to be appropriately reproduced. How-
ever, the total amplitude of this decay is too small to extract

This journal is © the Owner Societies 2022
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eqn (2). (CHX: cyclohexane; DEC: decaline; PAR: paraffin oil.)

reliable time constants. As a consequence, it was not really
possible to separate viscosity-dependent from viscosity-
independent decay components.

The sharp negative feature at 440 nm present in the early
spectra upon 470 nm excitation coincides with the first vibronic
of the S; « S, absorption spectrum recorded at low tempera-
tures (Fig. S13A, ESIt). It can, thus, be attributed to the GSB of
planar BPEA molecules. This sharp vibronic transforms rapidly
into a broad shoulder, which overlaps well with the room
temperature absorption spectrum (Fig. S13B, ESIt). This broad
feature can be attributed to the GSB of torsionally disordered
molecules. Consequently, these spectral changes of the GSB
can be interpreted as the equilibration of the ground state
population after the selective excitation of planar molecules. In
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other words, 470 nm excitation creates a hole in the distri-
bution of ground state geometries, which partially refills upon
re-equilibration. This is equivalent to the decay of a spectral
hole by spectral diffusion.®®> Consequently, the dynamics of
these GSB changes reflect the thermal fluctuations of the
torsional angle in the ground state. In all three solvents, the
decay of the 440 nm band area could be reproduced using a
biexponential function, with both components slowing down
with increasing viscosity (Fig. S14, ESIT). The analysis of this
dependence with eqn (2) using the amplitude-averaged time
constants yielded an « value of 1.05 £ 0.1. This suggests that
ground state planarization is purely diffusive, in contrast to the
same process in the S; state, which occurs partially via inertial
motion.

TA measurements were also carried out in PVB and Zeonex
films upon 400 and 470 nm excitation (Fig. 7C, D and Fig. S15,
ESIT). Unfortunately, the scattering of the pump pulse could
not be eliminated and, thus, the spectral region around the
excitation wavelength is not available. Despite this, it is imme-
diately clear that the effect of the pump wavelength on the
early TA dynamics is significantly smaller than in liquids. For
example, upon 400 nm excitation, the intensity of ESAeq
increases by about 15% in films vs. 50% in liquids (Fig. 7A
and C). Similarly, the spectral dynamics in the SE and GSB
regions are still present in films but weaker than that in liquids.
In liquids, the late spectra are the same at both excitation
wavelengths, indicating full equilibration. In films, however,
differences can still be noticed after 1.7 ns: the vibronic feature
of the SE around 510 nm is more pronounced upon 470 than
400 nm excitation. This indicates that structural relaxation is
only partial in films. This is consistent with the stationary
spectra that show non-mirror-image relationship in films
but a weaker vibronic structure in the emission compared to
liquids.

Although the GSB band is largely hidden because of the
scattering, the high-energy side of the 440 nm GSB vibronic is
still visible. In contrast to the liquids, no spectral change can
be observed in this region, suggesting that, in the ground state,
structural reequilibration along the torsional coordinate is
totally inhibited in polymer films.

A close inspection of the TA data in the negative band region
reveals the presence of periodic oscillations of the TA intensity
that can be assigned to vibrational coherence. They are the
strongest at the two sides of the 470 nm band and disappear at
the maximum. However, they can still be detected around
490 nm where the negative band is only due to SE and at
440 nm where it arises from GSB only. As shown in Fig. 9A, the
oscillations on the red and blue sides of the main negative
band are approximately © out-of-phase. Consequently, they can
be attributed to vibrational coherences in both the electronic
ground state and the excited states. They are present in all
three solvents independently of the excitation wavelength. The
signal-to-noise ratio in polymer films was not sufficient to
resolve them. The Fourier-transform spectra point to two main
vibrational modes, around 175 and 390 cm . These two
frequencies coincide well with those of the FC-active modes
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(B) Fourier-transform spectrum of the red side residuals together with the
displacement vectors of two FC-active vibrations predicted from
quantum-chemical calculations.

obtained from the quantum-chemical calculations at 160
and 382 cm . As illustrated in Fig. 9B, they involve in-plane
symmetric displacement of the two phenyl rings and distortion
of the anthracene sub-units, respectively.

4 Discussion

The results described above converge towards a coherent
picture of the effect of torsional disorder and planarization
on the photocycle of BPEA in the condensed phase. The effect
of temperature on the stationary absorption spectrum and the
excitation wavelength dependence of the TA spectra, together
with the quantum-chemical calculations are consistent with the
coexistence of BPEA molecules in the electronic ground state
with different dihedral angles of the phenyl groups relative to
the anthracene moiety and distinct S;-S, energy gaps. The
strong spectral dynamics of the fluorescence, namely, the
transition from a broad to a structured emission spectrum
and the ability to reproduce most of these dynamics with a
simple model based on eqn (1) indicate a significant reduction
of the distribution of dihedral angles in the S; state, again in
full agreement with the steeper potential for torsion in the
excited state predicted by the quantum-chemical calculations.

The inhomogeneous nature of the S; < S, absorption band
implies that selective photoexcitation of subpopulations with
distinct torsional angles should be possible. However, the
FLUPS measurements did not show any significant excitation
wavelength dependence between 375 and 425 nm. Similarly the
TA dynamics are the same upon 400 and 450 nm excitation.
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An excitation wavelength dependence is only observed when
excited at 470 nm, i.e. on the red-edge of the band. This result is
fully consistent with previous investigations of the effect of the
excitation wavelength on the excited state properties of organic
molecules.'>**7> Red-edge irradiation ensures that only a
single sub-population, with the smallest 0-0 transition energy,
is excited. Higher-energy can excite the 0-0 transition of other
sub-populations and vibronic transitions of sub-populations
with smaller 0-0 gaps.

The results point to different viscosity dependence of
planarization dynamics in the ground and excited states. It is
a purely diffusive process in the ground state, whereas a large
fraction of these dynamics in the S, state is ultrafast, indepen-
dent of the solvent viscosity, and should, thus, involve inertial
motion. This difference can be attributed to the S, and S,
potentials along the torsional coordinate. This potential is very
shallow in the ground state and, thus, the force experienced by
a distorted molecule towards planarization is significantly
smaller than the random forces due to interactions with the
surrounding solvent. For this reason, the S; « S, absorption
band of BPEA in polymers does not show any significant change
upon lowering the temperature. The forces toward planarization
are too weak compared to friction for the distribution of the
torsional angle to equilibrate to the new temperature.

In contrast, the steeper potential in the S; state implies that
distorted molecules that were in thermal equilibrium in the
ground state are far from equilibrium upon photoexcitation
to the S; state. They are, thus, highly strained and experience
strong forces toward planarization. Most probably, the latter
enable for partial relaxation along the torsional coordinate with
minor motion of the surrounding solvent molecules. This process
is essentially independent of the solvent viscosity and can be
considered as inertial.”® As a consequence, this partial structural
relaxation is also operative in polymer films as revealed by the TA
measurements and the structured emission spectrum.

One could argue that the viscosity-independent part of the
spectral dynamics is in fact due to vibrational relaxation (VR).
Short-wavelength irradiation excites not only the 0-0 transition
of distorted molecules but also vibronic transitions. VR can
probably be observed in the early FLUPS spectra as the decay
of the emission above 22000 cm ™. This decay is concurrent
with the fastest rising component of the emission band area,
which itself occurs on the similar timescale as the increase of
the ESA,.q intensity. However, these viscosity-independent
dynamics can be largely attributed to structural relaxation for
at least three reasons:

(1) Apart from the high energy shoulder, the early FLUPS
emission spectrum is close to the mirror-image of the absorp-
tion spectrum. As a consequence, it can be assigned to the
emission from an ensemble of excited molecules with essen-
tially the same distribution of the torsion angle as that of the
equilibrium ground state. The early spectral dynamics should,
thus, be mostly related to a narrowing of this distribution.

(2) The FLUPS dynamics do not exhibit significant differ-
ences between 375 and 425 nm excitation, although this

corresponds to an energy difference of about 3100 cm™.
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Similarly, the TA dynamics in DEC are essentially the same
upon 400 and 450 nm excitation, despite an energy difference
of about 2800 cm ™. This indicates that apart from the decay of
the high-energy shoulder of the fluorescence spectrum, VR is
hardly visible in the emission and TA spectra. The most
probable reason for this is that, according to the quantum-
chemical calculations, only three among the 66 low-frequency
vibrational modes of BPEA, <1000 cm ™', show significant FC
activity.

(3) In polymer films, where structural relaxation is only
partial, the increase of the ESA,q intensity in the TA data just
after excitation is much smaller than that in liquids. As VR is
also operative in polymers, this implies that the increase of the
ESA,.q intensity reflects mostly structural relaxation.

5 Conclusions

We presented a detailed investigation of the excited state
dynamics of BPEA in liquids and polymer films, which are domi-
nated by structural relaxation. This can, thus, be considered a
case study to better understand the role of torsional disorder,
frequently encountered with conjugated molecules containing
phenylethene or phenylethylene building blocks and multichro-
mophoric systems. Using temperature-dependent measurements,
we could establish that, at room temperature, the absorption
spectrum is inhomogeneously broadened, in contrast to the
emission spectrum from the equilibrated excited state. This
allows for the selective photo-excitation of planar molecules
through red-edge irradiation. These excited planar molecules
exhibit little dynamics except for their return to the ground state
on the ns timescale. In contrast, dynamics are observed in the
ground state, because of the re-equilibration of the torsional
disorder. This phenomenon gives access to the planarization
dynamics of BPEA in the ground state. Shorter wavelengths excite
torsionally disordered molecules, which exhibit significant spec-
tral dynamics, giving access to the planarization of BPEA in the
excited state. The nature of this planarization motion, i.e. purely
diffusive or partially inertial, depends strongly on the steepness of
the associated potential. One can anticipate that it should also
depend on the size of the moving groups. Going to more bulky
groups than phenyl can be expected to reduce the contribution of
the inertial motion.

This excitation wavelength dependence of the excited state
dynamics of this type of molecules, also observed by Roy et al.,"*
makes them potential candidates for the exploration of non-
Kasha photoinduced processes.”*”> For example, intramolecular
electron and energy transfer between the donor and the acceptor
connected via a phenylethylene bridge are expected to depend
on the dihedral angle between the two subunits.”®”® To the best
of our knowledge, the effect of the excitation wavelength on these
dynamics has not been investigated so far.
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