B GENEVE

Article scientifique 2024 Accepted version

This is an author manuscript post-peer-reviewing (accepted version) of the original publication. The layout of
the published version may differ .

Excitation-Wavelength-Dependent Photophysics of a Torsionally
Disordered Push—Pull Dye

Fureraj, Ina; Wega, Johannes; Balanikas, Vangelis; Pamungkas, Krisna; Sakai, Naomi; Matile, Stefan;
Vauthey, Eric

How to cite

FURERAJ, Ina et al. Excitation-Wavelength-Dependent Photophysics of a Torsionally Disordered
Push—Pull Dye. In: The journal of physical chemistry letters, 2024, vol. 15, p. 7857—-7862. doi:
10.1021/acs.jpclett.4c01840

This publication URL: https://archive-ouverte.unige.ch/unige:179062
Publication DOI: 10.1021/acs.jpclett.4c01840

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:179062
https://doi.org/10.1021/acs.jpclett.4c01840

Excitation-Wavelength Dependent
Photophysics of a Torsionally Disordered
Push-Pull Dye

Ina Fureraj,Jr Johannes Wega,Jr Evangelos Balanikas, Khurnia Krisna Puji
Pamungkas,* Naomi Sakai,’ Stefan Matile,** and Eric Vauthey*1

tDepartment of Physical Chemistry, University of Geneva, CH-1211 Geneva, Switzerland.
T Department of Organic Chemistry, University of Geneva, CH-1211 Geneva, Switzerland.

E-mail: stefan.matile@unige.ch; eric.vauthey@unige.ch

Abstract

The torsional disorder of conjugated dyes in
the electronic ground state can lead to inho-
mogeneous broadening of the S;<-Sy absorp-
tion band, allowing for selective photoexcita-
tion of molecules with different amounts of dis-
torsion. Here, we investigate how this affects
electronic transitions to upper excited states.
We show that torsion of a core-alkynylated
push-pull dye can have opposite effects on the
oscillator strength of its lowest-energy transi-
tions. Consequently, photoselection of planar
and twisted molecules can be achieved by excit-
ing in distinct absorption bands. Whereas this
has limited effect in liquids due to fast planari-
sation of the excited molecules, it strongly af-
fects the overall photophysics in a polymeric en-
vironment, where torsional motion is hindered,
allowing for the photoselection of molecules
with different fluorescence quantum yields and
intersystem-crossing dynamics.
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Most conjugated polymers as well as many
conjugated dyes are characterised by a signif-
icant flexibility for torsion.*” This is partic-
ularly true for those containing one or sev-
eral ethynyl units.®*“" In the electronic excited
state, however, the torsional barrier is usually
larger, due to the enhanced conjugation enabled
in the planar geometry. The dependence of the
S1-Sp gap on the twist angle results in an inho-
mogeneous broadening of the absorption band,
i.e, this band is the sum of the slightly different
absorption bands associated with each subpop-
ulations.?!’ As a consequence, the absorption
spectrum of these compounds is usually broad
at room temperature, whereas the emission
spectrum is narrower and structured as a result
of a well-defined excited-state geometry. #121418
This allows for the photoselection of molecules
with different amount of torsional disorder, pla-
nar geometries being selected upon red-edge ex-
citation and disordered structures being prefer-
entially excited at shorter wavelengths. This
has been exploited in several studies, which
demonstrated the excitation-wavelength depen-
dence of various processes, such as structural re-
laxation,* & intramolecular energy and charge
transfer,?? as well as singlet fission.*® In some
cases, twisting around the spacer can addition-
ally affect the coupling between two linked chro-
mophoric units. This leads to distinct absorp-
tion spectra for the planar and twisted confor-
mations, and enables straightforward photose-
lection. 2420

Here, we investigate how the torsional coor-
dinate affects not only the S;<Sq transition
but also transitions to upper excited states.
For this, we use a core-alkynylated push-pull
dye (Figure [JA), which was designed to act
as mechanophore for sensing lateral compres-
sion,?® as well as rotor for reporting on viscosity.
Recent investigation of its excited-state dynam-
ics upon S14S; excitation in solution revealed
some photoselectivity, but with minor effect on
the overall photophysics.*” We show here that
torsion influences not only the energy but also
the oscillator strength of the transitions to the
lowest singlet excited states. This allows for
efficient photoselection of molecules with dif-
ferent geometries, not by exciting at various
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Figure 1: Structure of the core-alkynylated
dye (A) and stationary absorption (grey shad-
ing), emission (blue lines) and fluorescence
excitation spectra (red and green lines) in
dichloromethane (DCM, B) and in a polyvinyl-
butyral (PVB) film (C).

wavelengths throughout the S;+-Sy band, but
upon excitation in distinct absorption bands.
Whereas such photoselection has limited effect
on the photophysics in liquids, it has a major
impact in rigid media where relaxation along
the torsional coordinate is hindered.

Figure [1| reveals that, contrary to liquid so-
lutions, the fluorescence excitation spectrum of
the dye in a polyvinylbutyral (PVB) film de-
parts markedly from the absorption spectrum,
and depends on the wavelength at which emis-
sion is monitored. The intensity ratio of the
low- and high-energy bands, further on called
red and blue bands, is significantly larger in the
excitation spectra. This points to a fluorescence
quantum yield decreasing by a factor of about
two upon excitation in the blue band. The
red shift of the excitation spectra reveals that
the molecules absorbing on the low-energy side
of the red band have the highest fluorescence
quantum yield. The dependence of the emis-
sion spectrum on the excitation wavelength also
points to distinct subpopulations. These results
can be rationalised with the help of gas-phase



quantum-chemical calculations at the time-
dependent density functional theory (TD-DFT,
CAM-B3LYP/6-31g(d,p)) level summarised in
(Figure [2]A, S1 and S2). As discussed previ-
ously,“” full rotation around the ethynyl spacer
is possible in the electronic ground state at
room temperature, whereas a planar S; state
is predicted at thermal equilibrium. This dif-
ference between the ground and excited state
energies leads to a pronounced dependence of
the S1-Sp gap on the torsion angle and, thus
an inhomogeneous broadening of the red band,
with its low-energy side due to the absorption
of planar molecules.
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Figure 2: A) Vertical energies of the three low-
est singlet excited state determined from TD-
DFT calculations (CAM-B3LYP/6-31g(d,p)) in
the gas phase; B,C) Simulated absorption spec-
tra of the planar and twisted subpopulations
based on the quantum-chemical calculations.
For the planar subpopulation, only molecules
with an S; energy below 3eV (red dashed line
in panel A) were selected. For the twisted sub-
population, only molecules with an S3 energy
below 3.83 eV (blue dashed line in panel A) were
considered.

Moreover, the calculations predict the oscil-
lator strength of this transition to also depend
on torsion and to be the highest in the planar
geometry (Figure S2C). This accounts for the

difference between the absorption and fluores-
cence excitation spectra in the red band in PVB
(Figure [I). As the ground-state torsional dis-
order is mostly frozen in rigid media, red-edge
excitation selects the planar and most emissive
dyes, whereas disordered molecules are excited
at shorter wavelengths.

Interestingly, these calculations suggest dif-
ferent dependences on torsion for the S;<Sj
transition and for those from the ground to the
So and S3 states. The twisted geometry should
have the lowest energy for both transitions to
the upper states (Figures [2A) and, in the case
of the S3¢—Sy transition, the highest oscillator
strength (Figure S2C).

These results were used to simulate the room-
temperature absorption spectrum. Figure ,C
illustrates the absorption spectra of the popu-
lations with close to planar and 90°-twisted ge-
ometries (see Section S2 for details). The sim-
ulations predict that the low-energy side of the
red band is mostly due to the S;<-S, transi-
tion of planar dyes, whereas the blue band is
dominated by the S3<—S, transition of twisted
molecules. As the latter have also a smaller
S1¢—Sy oscillator strength, these simulations
explain why the fluorescence quantum yield in
PVB is significantly smaller upon blue-band
than red-band excitation (Figure [IB). The ob-
served increase of the intensity ratio of the
red and blue bands upon lowering temperature
(Figure S6) is also reproduced by the simula-
tions (Figure S3).

Transient electronic absorption (TA) spec-
tra recorded in benzonitrile (BCN) and
dichloromethane (DCM) upon red- and blue-
band excitation are compared in Figure [JA and
S7, whereas the results of a global analysis of
the TA data assuming a series of successive
exponential steps,?®#? are shown in Figure SS.
Independently of the excitation wavelength, the
early TA spectra are dominated by a positive
excited-state absorption (ESA) band centred
above 700nm and three negative bands: one
between 550 and 680nm, which can be at-
tributed to the S;—Sp stimulated emission
(SE), and two below 500 nm, which can be as-
signed to the bleach of the red and blue bands.
Despite these common spectral features, two



A Wavelength / nm

700 600 500 400 350

T
red-band excitation

T T T T
red-band excitation

A
7 A/r-\/ B

T ]

<7 A I

-

e @ S
o

— blue bleach
— red bleach —
65 + 850 ps

AM/10°
o on
o

M/10°

» ) ’,‘l‘f\»]

1 1 —
t t t
.8 - A
blue-band excitation /\___/"’/ =7
,/I\‘/I‘(/"J-J 7

f\/,‘ A \/’v

v

M/10°

— blue bleach —
— red bleach
75 ps + 720 ps

14 16 18 20 22 24 26 28 30 0
Wavenumber / 10° cm™

400

800
Time / ps

1200

2050

2100 2150
-1
Wavenumber / cm

2200

Figure 3: (A) Transient electronic absorption spectra recorded upon red-band (532nm) and blue-
band (400nm) excitation of the dye in benzonitrile and negative stationary stimulated emission
(light grey) and absorption spectra (dark grey). (B) Time profiles at the maximum of the red and
blue bleaches taken from the data in the left panels and best bi-exponential fits (grey lines). (C)
Transient IR absorption spectra recorded in the —C=C— and —C=N stretch region after red- and

blue-band excitation in dichloromethane.

main differences, depending on the excitation
wavelength, can be observed at early time: 1)
the SE band is more pronounced upon red-band
excitation, and 2) the red bleach is larger than
the blue bleach upon red-band than blue-band
excitation and vice-versa. This result is an un-
ambiguous confirmation that photoselection of
distinct subpopulations can be achieved upon
excitation in the different absorption bands of
the dye. The stronger SE and red bleach inten-
sities upon red-band excitation originate from
the larger S;-Sy oscillator strength of the pla-
nar molecules. Similarly, the weaker SE and
larger blue bleach upon blue-band excitation
confirm that the molecules absorbing the most
at these shorter wavelengths have a smaller S;-
So oscillator strength, as expected for twisted
geometry.

By contrast, the TA spectra recorded at later
times do no longer depend on the excitation
wavelength, indicative of a common equilibrium
excited state, the planar S; state, according to
the calculations (Figure 2). The time evolu-
tions of the TA at the red and blue bleach max-
ima show opposite dependences on the excita-
tion wavelength (Figure and S7). They can
be satisfactorily reproduced by the sum of two

exponential functions. The fast component can
be attributed to reequilibration of the ground-
state population along the torsional coordinate
after partial depletion of the planar (red-band
excitation) or twisted (blue-band excitation)
subpopulations.*®3" Such process can be viewed
as the refilling of a spectral hole by spectral dif-
fusion.”*™# The longer time constant in BCN,
~T70ps, compared to DCM, 15ps, can be at-
tributed to higher viscosity of BCN compared
to DCM, i.e. 1.25 vs. 0.41cP at 298 K. This
suggests that the motion along the torsional
coordinate in the ground state is purely diffu-
sive, as expected for barrier-free large ampli-
tude motion.®*3¥ The slower component, which
is independent of the excitation wavelength, re-
flects the partial recovery of the ground-state
population upon fluorescence and internal con-
version from the S; state. As discussed pre-
viously,“” the S; state undergoes intersystem-
crossing (ISC) on the 1-2ns timescale with an
efficiency of the order of 50%.

Transient IR absorption measurements in the
—(C=C— and —C=N stretch regions reveal a
strong dependence of the spectral dynamics on
the excitation wavelength (Figure |3C and S12).
Upon red-band excitation, the transient spec-



tra consists of an intense band at 2106 cm™!

and a weak one at 2167 cm™! associated with
the —C=C— and —C=N stretch modes of the
dye in the S; state, respectively. Apart from
a fast decay of the low-frequency shoulder of
the —C=C— band, little spectral dynamics is
visible. By contrast, the early spectra upon
blue-band excitation are dominated by a broad
band around 2060 cm~! and transform on mul-
tiple timescales to the same spectrum as that
measured upon red-band excitation. Much less
spectral dynamics can be observed with the
—C=N stretching band, apart from an increase
of its relative intensity at early time. Ac-
cording to quantum-chemistry calculations, the
—(C=C— stretching frequency in the S; state
decreases by about 100 cm™! upon going from
the planar to the twisted geometry (Figure S4),
whereas it changes by less than 2cm™ in the
ground state. Therefore, the early transient IR
band around 2060cm~! can be attributed to
twisted molecules in the excited state and the
subsequent spectral dynamics to planarisation
and vibrational relaxation.®® The early increase
of the relative intensity of the —C=N band can
also be accounted for by planarisation. Accord-
ing to the calculations (Figure S1), electronic
excitation in the twisted structure is mostly lo-
calised on the electron-donating sub-unit and
should thus not significantly affect the cyano
group located on the electron-accepting sub-
unit, hence the relatively weak transient band.

Transient electronic absorption measure-
ments on the fs-ps and ns-us timescales were
also carried out in PVB (Figures {4 and S9-
S11), where torsional motion is expected to
be hindered. Contrary to liquids, the effect of
excitation wavelength does not vanish after a
few tens of ps, but remains visible up to the us
timescale, where only the T state is populated.
As illustrated in Figures [4JC and S10, the rela-
tive magnitude of the red bleach remains larger
upon red than blue-band excitation during the
entire triplet state lifetime.

The decay of the S; state, estimated from
the decrease of the SE band, is markedly faster
upon blue than red-band excitation. It occurs
on multiple timescales with the main compo-
nent associated with a 250 vs. 640 ps time con-

stant (Figure (S9)). Given the relatively small
changes of the bleach intensity, the decay of the
S; state is predominantly due to ISC to the T,
state.
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Figure 4: Transient electronic absorption spec-
tra recorded upon (A) red- band (532 nm) and
(B) blue-band (370nm) excitation of the dye
in a PVB film and negative stationary stimu-
lated emission (light grey) and absorption spec-
tra (dark grey).(C) Comparison of the transient
absorption recorded in PVB 5 us after 532 and
355 nm excitation.

These results in a rigid environment point to
a strong dependence of the ISC dynamics on
whether excitation is carried out in the red or
the blue band. This suggests that the twisted
dyes undergo faster ISC. This is in agreement
with previous observations of enhanced ISC
upon out-of-plane distortion.*®* According to
TD-DFT calculations, the three lowest triplet
states of the dye are located below the S; state,
independently of the torsion angle (Figure S5).
To estimate how torsion affects ISC, the spin-
orbit coupling (SOC) between the S; state and
the three lowest triplet states was calculated for
the planar and the 90° twisted geometries.4#43
The results, summarised in Table S1, reveal an



increase by a factor 6, i.e. from 1.8 to 10.7cm™!,

of the SOC between the S; and the T3 states.
Considering that the ISC rate constant scales
with the square of the SOC, these calculations
predict a considerable acceleration of the ISC
upon distortion. In view of the charge-transfer
character of the S; state and the tendency of
the excitation to localise on either the donor or
the acceptor subunit in the 90°-twisted geome-
try (Figure S1), this enhanced SOC is reminis-
cent of the so-called spin-orbit charge-transfer
(SOCT) ISC mechanism responsible for triplet
recombination after photoinduced charge sepa-
ration in electron donor-acceptor dyads. 440

Until now, photoselection of subpopulations
with different amounts of torsional disorder was
carried out by tuning the excitation wavelength
within the inhomogeneously broadened S;+Sj
transition. Here, we show that torsion not
only affects the energy of this transition but
also influences its oscillator strength as well as
those of transitions to upper states. This al-
lows for the photoselection of subpopulations
with a given geometry upon exciting distinct
absorption bands. Whereas such photoselec-
tion only affects the early excited-state dynam-
ics in liquid environments, it strongly impacts
the overall photophysics in rigid media, allow-
ing for the selective excitation of molecules with
a fluorescence quantum yield varying by a fac-
tor of more than two and with significantly dif-
ferent ISC dynamics. Such behaviour might be
rather common with core-alkynylated electron
donor-acceptor dyads and deserves further at-
tention as it could be advantageously exploited
for sensing and /or theranostic applications.
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