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of Chemistry In electron donor-acceptor (D-A) molecules, the relative orientation of constituents has a dramatic

influence over their performance. However, the D and A subunits are generally composed of planar
aromatic backbones, and the effect of curvature is rarely explored. Here, we investigate how the twist of
the aromatic core of a symmetric double-branched D—-m—A molecule affects the nature and dynamics
of its lower singlet excited state. We show that the twisting of the central donor not only affects the
chiroptical properties, and increases the triplet yield, but also facilitates excited-state symmetry breaking

(ESSB) and the trapping of the exciton on one D-m—A branch of the molecule. This enhancement is
Received 21st August 2025 ttributed to the d in the interbranch coupli distortion. B f this, the loss of th
Accepted 7th December 2025 attributed to the decrease in the interbranch coupling upon distortion. Because of this, the loss of the
coupling upon ESSB requires a smaller gain in solvation energy to be compensated for and, thus, exciton

DOI: 10.1039/d55c06393k trapping occurs in a less polar solvent. Consequently, distortion can be viewed as an additional tuning
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1 Introduction

Molecules containing two or more donor-acceptor (D-A)
branches serve as active materials in an increasing number of
applications such as organic photovoltaics and light-emitting
devices."™ The relative orientation between the donor and
acceptor units can affect the nature of the lowest electronic
excited state (e.g. charge-transfer or locally excited state) and, in
turn, the device performance. Over the past few years, there has
been a growing interest in exploring how out-of-plane twisting
distortion affects the excited-state properties of aromatic
molecules. These investigations were mostly focused on the
effect of distortion on the intersystem-crossing (ISC) dynamics,
the motivation being to achieve high triplet yield without
recourse to the heavy-atom effect.>” They revealed that,
although twisting can, in some cases, increase spin-orbit
coupling (SOC) and accelerate ISC,”** this effect is not
general.™"” Out-of-plane distortions can also induce chirality
and can thus be used to develop materials with circularly
polarized luminescence (CPL)."*'* CPL emitting materials have
potential applications in quantum computing, optical data
storage, bioresponsive imaging, 3D displays, and optical
spintronics.*

Multibranched D-mt-A dyes are known for their tendency to
undergo excited-state symmetry breaking (ESSB).>'"*” During
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knob for controlling the localisation of electronic excitation in large conjugated systems.

this process, the electronic excitation, initially distributed
evenly over the whole molecule (quadrupolar state, Fig. 1A),
localises, at least partially, on a single branch, conferring
a strong dipolar character to the S; state, despite the symmetric
molecular structure (dipolar state, Fig. 1A). Such exciton local-
isation upon ESSB, which often involves an intermediate state
with uneven distribution of the excitation (Fig. 1A), was found to
depend on multiple parameters, such as the solvent polarity,>***
the electron donating and withdrawing strength of the D and A
subunits as well as the branch length,*?° and the relative
orientation between donor and acceptor (e.g. centrosymmetric
vs. noncentrosymmetric, Fig. 1B).** However, the influence of
out-of-plane distortion on exciton localisation is less
understood.

ESSB was recently reported in helical A-m-D-mt-A molecules,
with a helicene donor." The trapping of the exciton on one D-
m-A branch was identified by the strong decrease of the CPL
upon increasing solvent polarity. This work inspired us to
quantitatively explore how ESSB is affected by the extent of
donor twist. Such quantitative control of the backbone twisting
in aromatic molecules can be obtained by the tether-to-
distortion approach. Diagonally tethered acenes can be
twisted and bent out of plane, depending on the alkyl tether
length (Fig. 1C).**** Such distortions affect their (chiro)optical
and electronic properties. In addition, we demonstrated that
twisting increases the ISC rate by enhancing the spin-orbit
coupling.™

Here, we explore how twisting in the aromatic backbone
affects the photophysical properties of two A-w-D-7-A mole-
cules, AD,A, varying by the amount of distortion. The latter is
achieved upon twisting the anthracene donor core via an alkyl-
chain tether of varying length (n = 4 or 8, Fig. 1D). We observe
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(A) Schematic representation of excited-state symmetry breaking and exciton localisation in A—t—D—m—A molecules together with their

effect on the IR absorption spectrum in the —C=C- stretching region. (B) A—-t—-D-m—A molecules with centrosymmetric (top) non-centro-
symmetric (bottom) orientation. (C) Molecular tethering approach to control the twisting and bending of the donor. (D) Structure of the A—-t—-D—-

7—A molecules studied in this work.

both electronic circular dichroism (ECD) and CPL in particular
with the more twisted AD4A. Using a combination of ultrafast
transient electronic and vibrational absorption spectroscopies,
we find that, in addition to having a larger triplet yield, the more
twisted molecule, AD4A, has a higher propensity to undergo
ESSB than the quasi-planar one, ADgA. Consequently, molecular
distortion can be viewed as a new tuning knob for controlling
the spatial distribution of exciton in large conjugated systems.

2 Results

2.1 Synthesis and structure

Acceptor-rt-donor-m-acceptor AD,A molecules were synthe-
sized via the Sonogashira coupling reaction between the butyl
or octyl-tethered twistacenes, 2-D4 and 2-Dg respectively, with N-
hexyl-4-bromo-1,8-napthalimide (Br-NI) as depicted in Fig. 2.3
AD,, was synthesized by coupling 1-D,, with Br-NI (Fig. 2). The
products were obtained in both racemic and enantiopure

R=TIPS

AD,n=4,8

Fig.2 Synthesis of AD,, and AD,A. Reagents and conditions: Pd(PPhs)4
5% mol, Cul 10% mol, NEts, THF, room temperature.

Chem. Sci.

forms, starting from either P-1-D,,, M-1-D,,, or racemic 1-Dj,,
where the twistacenes exhibit either P or M helicities. The
coupling products were obtained with yields ranging from 30%
to 60%, and characterized using NMR spectroscopy and HRMS
spectrometry (Fig. S1-S32).

Fig. 3A displays the single crystal X-ray structure of AD,A
grown by the slow evaporation of hexane and ethyl acetate
mixture. The end-to-end twist dihedral angle, expressed as fr in
Fig. 3, is 33°, consistent with previously reported values for
anthracene cores with butyl tether.®® AD,A is V-shaped, with
a bend of fz = 161°. Gas-phase quantum-chemical calculations

eDA eT eB

11° 33°  161°

19° 32° 143°

Fig. 3 (A) X-ray structure of racemic AD4A (ellipsoid representation).
(B) Calculated (DFT/B3LYP/6-31G(d)-D3) structures of AD4A and (C)
ADgA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at the density functional theory (DFT) level with Grimme's
dispersion correction (B3LYP/6-31g(d,p)-D3)**** were carried
out to obtain a better insight into the structural distortion
brought about by the tethers (see Section S7 in SI for details).

The optimized geometry of AD,A exhibits a distortion of O =
32°, in agreement with the X-ray structure (Fig. 3B). However,
the calculated bending angle of 143° predicts a more bent
structure. In contrast, the optimized geometry for ADgA is more
planar, with a smaller twist angle of 6 = 12° and a bending
angle of 156° (Fig. 3C). As predicted, the end-to-end backbone
twist directly affects the bending between the donors and the
acceptors.

A 2-dimensional scan around the two rotatable bonds reveals
three minima, with the acceptor in either an anti or syn orien-
tation (Fig. S63). However, the most stable conformation, in
which the acceptors are slightly rotated with respect to the
donor, with a dihedral angle of 25°, is 1.8 and 3.6 kcal mol™*
lower than the other conformers (thus over 95% more abun-
dant). This orientation is stabilised by the H---7 interactions
between hydrogen on the electron-deficient naphthalimide and
electron-rich ortho-anisole. However, it should be noted that
these calculations were performed in the gas phase, and
therefore the molecules could adopt a different conformation
depending on the solvent.

2.2 Stationary spectroscopy

2.2.1 Electronic absorption and emission. AD,A dyes
exhibit continuous absorption below ~530 nm due to multiple
electronic transitions (Fig. 4A and S33-S35). According to time-
dependent (TD) DFT calculations (TD-DFT/CAM-B3LYP/6-
31G(d)),* the lowest-energy band with a vibronic structure can
be attributed to the S; < S, transition and is mostly associated
with a one-electron HOMO to LUMO transition. As illustrated in

Wavelength / nm D
700 600 500 400 350
A o T T T
o | h ADA in: CHX —
s \ I} BCN —
// )&r" \/\
3 /
o \
| L g
3 = o
3 B | g
° n AD, in: CHX o
3 J ) 2
[ ~ 1 ®
// !
/ \
// \\/
o Z
15 20 25 30
Wavenumber / 10° cm’™
Wavelength / nm
600 550 500 450
T T T T
g |C >
g g
-/ o
@ B Pl o
[ s o
o L =3
32 |- 8
w L e |
16 17 18 19 20 21 22 23

Wavenumber / 10> cm™

View Article Online

Chemical Science

Fig. 4E, this transition involves significant charge transfer (CT)
from the anthracene core to the naphthalimide ends. This
results in a strong quadrupolar character of the S; state of AD,A.
The more intense absorption band peaking around 410 nm can
be assigned to the S, < S, transition. Calculations also predict
a more intense S, < S, band due predominantly to a one-
electron HOMO-2 to LUMO transition, pointing to a negligible
CT character. The large oscillator strength of this transition is
typical of highly delocalised excitation, as it is also the case for
other linear conjugated molecules.>~*°

The absorption spectra of the single-branch AD,, analogues
are very similar apart from a 440 cm ' blue shift of the low-
energy band and the higher intensity of the bands at 380 and
300 nm (Fig. 4B). This intensity difference is probably due to the
reduction of symmetry upon going from AD,A to AD,, and the
lifting of the Laporte rules.*® The calculations predict a high
density of excited states above S,, in agreement with the
continuous absorption below ~530 nm. Because of this, the
origin of these 380 and 330 nm bands could not be identified.
For both AD, A and AD,,, the lowest-energy band shifts to the red
by about 300 cm™" upon shortening the tether (Fig. 4C). This
shift is consistent with the decrease of the S; < S, gap upon
increasing distortion predicted by the calculations (Fig. $62).

All four compounds show only a small absorption sol-
vatochromism, which correlates with the refractive index
(Fig. S43-S46). This points to a small permanent dipole moment
in the ground state and to dispersion as the dominant solute-
solvent interactions.

The AD,A molecules are highly fluorescent in cyclohexane
(CHX) with fluorescence quantum yields ranging from 0.4 to 0.5
(Table S6) and a spectrum that mirrors the lowest-energy
absorption band. Strong emission solvatochromism is
observed with all dyes (Fig. 4D and S39-546, Tables S2-S5). The

HOMO-2

S,S,: HOMO—LUMO, f=0.54
S,—S,: HOMO-2—LUMO, f = 1.54

Fig. 4 Stationary electronic absorption and emission spectra of AD4A (A) and AD4 (B) in cyclohexane and benzonitrile and of AD4A (C) and ADgA
in cyclohexane. (D) Emission of AD4A in different solvents, irradiated at 365 nm. (E) Frontier molecular orbitals involved in the lowest-energy
transitions (S; <= Sg and S, « So) of AD4A and associated oscillator strengths, f.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlation with the orientational polarization function of the
solvent, Af, indicates that it is dominated by dipole-dipole
interactions.** The solvatochromic shift observed when going
from hexane to acetonitrile (ACN) amounts to about 4000 cm™*
for AD,A and to ~5000 cm™* for AD,,. Whereas a large perma-
nent dipole moment is expected for D-7t-A dyads in a CT excited
state, it is more surprising for the near-centrosymmetric AD,A.
Their large fluorescence solvatochromism, demonstrated in
Fig. 4D points to the occurrence of ESSB and to a dipolar excited
state in a polar environment, with the exciton trapped on
a single D-w-A branch. The red shift of the fluorescence upon
increasing solvent polarity is accompanied by a broadening of
the band and a substantial decrease in quantum yield (Table
S6).

2.2.2 Circular dichroism and circular polarised lumines-
cence. Fig. 5A displays the electronic circular dichroism (ECD)
and CPL spectra of the M and P enantiomers of ADg, ADgA and
AD,A. The calculated spectra (TD-DFT/CAM-B3LYP/6-31G(d))
for all three compounds match the experimental spectra with
a slight energy shift, confirming the absolute configuration of
the M enantiomers and the assignments of the nature of the
transitions as discussed above (Fig. 5A, dotted lines). The ECD
spectra display both the above-mentioned S; < Sy and S, < S,
bands. The molar ellipticity of the S; < S, transition increases
upon twisting, from 1.6 M~ " cm ™" for ADgA to 9 M ' ecm ™ for
AD,A, whereas for the more intense S, < S, band, it changes
from 19 M~ em ™! for ADgA to 60 M~ cm ™" for AD,A.

We note that compared to the reactant (anthracene with no
acceptor, 2-D,,), the optical activity of the S, < S, transition is
significantly stronger, and of opposite sign relative to that
observed for the S; < S, transition. This can be explained by
the delocalisation of this excitation over the whole molecule as
suggested by the quantum-chemical calculations (Fig. 4E). The
molar ellipticity, particularly that of the S, « S, transition of
AD,A varies with the solvent (Fig. 5C and S37), although no clear
trend with a solvent property can be identified. TD-DFT calcu-
lations of the ECD spectra suggest that this effect could be due
to different relative orientations of the D-A subunits, depending
on the solvent (Fig. 5C).

Distortion and solvent polarity also impact the CPL activity.
Indeed, as can be seen Fig. 5A, S48 and S49 for AD4A and ADgA
in hexane, higher distortion results in a more intense CPL
signal and a stronger dissymmetry factor (P-AD4A gium = 6 X
10~ * at 530 nm; P-ADgA gjum = 3 x 10~ * at 517 nm in hexane). In
polar solvents such as DCM, the CPL signal was too weak to be
properly measured. Finally, no CPL signal could be clearly
detected with the polar AD,, systems.

2.3 Time-resolved spectroscopy

2.3.1 Transient electronic spectroscopy. Transient elec-
tronic absorption (TA) measurements were performed in the
non-polar CHX and in the polar benzonitrile (BCN) up to 100 ps
with an approx. 100 fs resolution (Fig. S51 and S52). The data
were analysed globally assuming a series of successive expo-
nential steps to obtain evolution-associated difference absorp-
tion spectra (EADS) and time constants (Fig. 6 and S53). As
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Fig. 5 (A) ECD and CPL spectra of ADg, ADgA and AD4A in hexane.

Dotted line: calculated spectrum for the P enantiomers (TD-DFT/
CAM-B3LYP/6-31G(d)). (B) Maximal molar ellipticity of AD4A, ADgA and
ADg in different solvents. (C) Calculated ECD spectra of AD4A with
different A—D orientations.

illustrated in Fig. 6A, B and S51-S53, the early TA spectra
recorded with all dyes in CHX consist of negative bands below
430 nm and positive bands above. The negative bands can be
assigned to the ground state bleach (GSB) of higher-energy
transitions. The positive bands can be attributed to excited-state
absorption (ESA) overlapping with negative bands due to both
S; < Sp GSB and S; — S, stimulated emission (SE). The SE
band around 515 nm is significantly more intense for AD,A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than AD,,. All transient bands decay on the ns timescale to
a residual spectrum exhibiting the GSB bands as well as ESA
bands above 520 nm and at 430 nm and decaying in a few ps.
The ns dynamics after which the SE band is no longer visible
can be attributed to the decay of the S; state. The ESA bands in
the residual spectrum are assigned to the T; state, in accor-
dance with the 430 nm band reported in the triplet state spec-
trum of anthracene.*>** This feature is the most intense with
AD,A and is hardly visible with ADgA.

The TA dynamics measured in BCN are very similar for all
four molecules (Fig. 6C, D, S51 and S52). The early spectra
resemble those in CHX. However, they evolve within about 20 ps
into spectra dominated by two ESA features separated by the S;
<~ So GSB at 500 nm. Concurrently to these changes, the SE
band shifts to the red, broadens and becomes similar to the
stationary emission band. Afterwards, these features decay on
a few ns timescale to a very weak residual spectrum that itself
decays in a few ps.

Given its timescale, the shift of the SE band can be assigned
to the solvent relaxation around the CT excited state.** As di-
scussed below, the accompanying transformation of the ESA
bands most probably reflects the increase of the CT character of
the excited state as solvent relaxation takes place. This signifi-
cant CT character of the S; state is consistent with the absorp-
tion spectra of the radical anion of naphthalimide and of the
radical cation of diphenylethynyl-anthracene with bands
around 490 nm and in the 400-550 nm region, respectively.*>*

The resemblance of the spectra measured with AD,A and
AD,, points to a similar equilibrium S, state, hence to ESSB in
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Fig. 6 Evolution-associated difference absorption spectra and time
constants obtained from a global analysis of the transient electronic
absorption spectra recorded after 400 nm excitation of AD,A in
cyclohexane (A and B) and benzonitrile (C and D), assuming a series of
four successive exponential steps (A — B — ...). The negative
stationary absorption and stimulated emission spectra are shown in
gray.
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AD,A and trapping of the excitation on one branch. This
interpretation will be corroborated by the time-resolved IR
(TRIR) spectroscopic measurements described below. The life-
time of the S, state is markedly shorter than in CHX, namely 2-3
ns vs. 6-8 ns. This difference can be explained by an accelera-
tion of the non-radiative decay resulting from the decrease of
the S;-S, gap as reflected by the large fluorescence
solvatochromism.

The residual spectrum is difficult to interpret due to the
weakness of the signal. As it is not largely different from that
measured in CHX, it is tentatively attributed to the triplet state.
The smaller triplet yield in BCN compared to CHX is consistent
with the faster non-radiative decay of the S, state to the ground
state in polar solvents.

2.3.2 Time-resolved IR absorption spectroscopy. Time-
resolved IR absorption (TRIR) measurements in the -C=C-
stretching region were carried out in solvents of increasing
polarity up to 2 ns. The TRIR data were also analysed globally to
obtain EADS and the related time constants.

The TRIR dynamics measured in CHX are very similar for
both AD,A. The early spectra exhibit an intense ESA band
around 2060 cm ™' (ESA1) with a broad pedestal on its high-
frequency side (ESA2), as well as a weak GSB band around
2200 cm ™" (Fig. 7A and S54-S57). Within about 10-20 ps, ESA1
increases, narrows and undergoes a small blue shift. After-
wards, all bands decay on a ns timescale. Considering that
pumping was achieved at 400 nm in the intense S, < S,
absorption band, the early spectral dynamics can be attributed
to the dissipation of excess excitation energy via vibrational
relaxation,*” whereas the slower ns dynamics can be assigned to
the decay of the equilibrated S; state.

According to the calculations, ADgA is hardly twisted and,
given that the tether is not involved in the lower-energy transi-
tions, it can be considered as a quasi-centrosymmetric chro-
mophore. Consequently, the intense ESA1 can be attributed to
the antisymmetric ~-C=C- stretching mode with its large
intensity arising from the strong quadrupolar nature of the S;
state. The small ESA2 pedestal is attributed to the symmetric -
C=C- stretch, which is not totally IR forbidden, because the
molecule is not strictly centrosymmetric. The vibrations of the
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Fig. 7 Evolution-associated difference absorption spectra and time
constants obtained from a global analysis of the time-resolved IR data
recorded after 400 nm excitation of (A) AD4A and (B) AD4 in cyclo-
hexane, assuming a series of three successive exponential steps (A —
B— ...
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ethynyl groups in 9, 10 positions of the core are not visible in the
TRIR spectra. As they do not lead to significant change in dipole
moment in both ground and excited states, they have negligible
IR intensity.

The center of inversion is obviously lost in AD4A, because of
its more bent structure induced by the twist. Despite this, the
similarity of the TRIR spectra with those of ADgA points to an
quasi-even distribution of the electronic excitation over both D-
7-A branches as well. For the sake of simplicity, this delocalised
S; state will be further on called quadrupolar state, Q.

Similar spectra are observed with AD,, the only difference
being a bleach feature around 2150 cm ™ overlapping with the
pedestal (Fig. 7B and S58-561). This band is also present in the
stationary IR spectra of AD,, and can be assigned to the -C=C-
stretching mode of the core-7-TIPS branch (Fig. S50). ESA1 and
ESA?2 are attributed to the -C=C- stretching mode of the D-rt-A
and core--TIPS branches of AD,, in the S; state, respectively.
The larger intensity of ESA1 is due to the large dipole moment of
the D--A branch in the excited state. By contrast, the CT
character on the core-m-TIPS branch is negligible, hence the
small amplitude of ESA2.

The early spectra measured with both AD,A in the medium
polar THF show no significant difference from CHX, apart from
a relatively more intense ESA2 (Fig. 8A, B and S57-560). Over the
first ps, ESA1 decays partially, while ESA2 grows concurrently.
ESA1 remains more intense than ESA2 with ADgA, whereas both
bands reach comparable amplitude with AD,A. These spectra
are assigned to an intermediate state, I, with a lopsided distri-
bution of the excitation on the two branches (Fig. 1A). As
a consequence, the -C=C- stretching vibrations become more
localised on each branches, with ESA1 and ESA2 due to the
stretching mode of the branch with higher and lower extent of
excitation, respectively. The decrease of ESA1 and the concur-
rent rise of ESA2 occurring just after excitation reflect an
increase in the asymmetry of the excited state. It is consistent
with previous observations that ESSB takes place on timescales
comparable to those of solvent motion.>******* Most probably,
the exciton is evenly delocalised over the whole molecule in the
Franck-Condon S; state and then localises partially as inertial
and diffusive solvent relaxation take place. Given the sub-ps
timescale of inertial motion,** this early stage of ESSB is not
resolved here and only the slower one due to diffusive motion is
visible. The larger relative intensity of ESA2 with AD,A points to
a more asymmetric distribution of the exciton.

After this initial stage, the spectral dynamics are no longer
the same for the two dyes. In the case of ADgA, the spectral
shape remains mostly unchanged and both bands decay on the
ns timescale (Fig. 8B). For AD,A, the early intensity changes of
ESA1 and ESA2 is rapidly followed by the rise of a new band
(ESA3) around 2120 cm™ " between the first two. Afterwards, all
three bands decay simultaneously on the ns timescale (Fig. 8A).

Upon further increase of the solvent polarity, i.e. in BCN and
in a 9:1 (v/v) acetonitrile (ACN)/BCN mixture, the TRIR spectra
measured with AD,A do no longer depend on the length of the
tether, and the spectrum of the equilibrated S; state becomes
increasingly dominated by ESA3 (Fig. 9 and S54-S57).
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Fig. 8 Evolution-associated difference absorption spectra and time
constants obtained from a global analysis of the time-resolved IR data
recorded after 400 nm excitation of AD4A (A), ADgA (B), and AD4 (C) in
tetrahydrofuran and of ADgA in a tetrahydrofuran/benzonitrile mixture
(D).

Interestingly, a band at the same frequency as ESA3 is visible
in the TRIR spectra recorded a few ps after excitation of AD,, in
THF and BCN (Fig. 8C and S58-S61). Before that, the spectra
resemble those in CHX with a relatively more intense shoulder.
They evolve within 2-3 ps to spectra dominated by a band at
2120 cm™ ' like ESA3 and a small shoulder at similar position to
ESA2, before decaying on the ns timescale. The early spectral
dynamics are attributed to the increase of the CT character of
the S; state of AD,, upon solvent relaxation, as also suggested
above for the early TA dynamics in BCN (Fig. 6C and D). As also
observed with other D-t-A dyads with an ethynyl bridge, an
increase of CT favours localisation of the excited electron on the

norm. AA
VYV "wJou

BCN

ACN/BCN

2000 2040 2080 2120 2160 2000 2040 2080 2120 2160
Wavenumber / cm”

Fig. 9 Evolution associated difference absorption spectra of the
equilibrium S; state of AD,A as a function of solvent polarity. The
spectra are vertically shifted for better visualization.
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acceptor to the expense of the ethyne bond.****** This results in
an increase of the bond order and a parallel shift of the
stretching frequency toward its ground state value, which is
around 2200 cm ™! for AD,,.

Consequently, ESA3 can be assigned to a dipolar excited
state, D, with the exciton trapped on one D-m-A branch of
AD,A. 1t is at higher frequency than ESA1 because of the larger
CT character of the D state compared to the fully delocalised
state, as explained just above with AD,,. It is at lower frequency
than ESA2, because the latter is associated the vibration of the
less-excited branch of the I state and is at a frequency close to
that measured in the electronic ground state.

The coexistence and parallel decay of all three bands in THF
probably reflect an equilibrium between the I and D states, as
already observed with other multibranched D-7-A molecules in
medium polar solvents.>**' Exciton trapping becomes more
favoured upon increasing solvent polarity. Spectra with the
three ESA bands like those measured with AD4A in THF can be
obtained with ADgA when using a more polar environment,
namely, a 1:1 (v/v) THF/BCN mixture (Fig. 8D and 9). In BCN,
ESA3 is clearly visible with ADgA and dominates with AD,A. In
the most polar medium used here, namely a 9: 1 (v/v) ACN/BCN
mixture, the TRIR spectrum after equilibration is almost only
due to ESA3, pointing to a D S; state and to full exciton local-
isation for both AD,A (Fig. 9). The presence of ESA3 in THF with
AD,A but not ADgA evidences that the twisting of the anthracene
core facilitates ESSB and exciton trapping.

3 Discussion
3.1 Twist-induced increase of triplet yield

Until now, the photophysical investigations of out-of-plane
distortion have mostly concentrated on its effect on the ISC
dynamics and the resulting triplet yield. In some cases, a clear
increase of triplet yield attributed to an enhanced SOC upon
twisting was detected.>** In other cases, distortion had no
significant effect.’*"”

In a previous study with anthracene twisted using the same
tether as here, the triplet yield was reported to vary from 0.83 to
0.91, when changing n from 6 to 3, compared to 0.73 for the
planar analogue.' This effect was attributed to an acceleration
of ISC due to a twist-induced enhancement of SOC.

In the present case, the D,, core is substituted in 9 and 10
positions by ethynyl groups. A close analogue is the highly
fluorescent  9,10-diphenylethynyl-anthracene, which has
a negligibly small triplet yield.>* Therefore, although twisting of
the core may favour higher SOC, this might not be sufficient to
make ISC very competitive with the other decay channels of the
S, state of AD,A and to result in a large triplet yield.

The TA results obtained here in CHX point unambiguously
to a higher triplet yield with AD4A. However, according to the
relative amplitude of the residual GSB band, the triplet yield is
small and can be estimated to be of the order of 0.1 and <0.05
for AD,4A and ADgA, respectively. The higher triplet yield of AD,A
agrees with its smaller fluorescence quantum yield, and is
consistent with the shorter lifetime of its S, state, namely 6 vs. 8
ns (Fig. 6A and B).
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In principle, the increasing triplet yield upon distortion
could be due to a concurrent decrease of the singlet-triplet gap
and an acceleration of ISC. TD-DFT calculations predict the
presence of four triplet excited state below S;, but do not point
to significant changes in the S;-T, gaps upon torsion (Fig. $62).
Calculations of the SOC were not conclusive as no significant
increase with torsion were predicted. However, given the small
triplet yield, the slow ISC dynamics and the fact that all four
triplet states can contribute, even minor changes in SOC for
each ISC pathway could result in the small increase in triplet
yield observed here.

Apart from enhancing SOC, out-of-plane distortion can also
affect the other decay pathways of the S, state, i.e., fluorescence
and internal conversion (Fig. 10). TD-DFT calculations predict
the S; < S, oscillator strength to be smaller for AD4A than
ADgA, namely, 0.54 vs. 0.60. This is consistent with the smaller
intensity of the SE band measured with AD4A in CHX (Fig. 6A
and B) and points to a decrease of the radiative rate constant,
kraa, upon twisting, as observed with anthracene and perylene
bisimide.*"” The short tether in AD,4A could also rigidify the
structure of the molecule. The intensity ratio of the 0-0 and first
vibronic band, Iyo/I10, in the electronic absorption and emis-
sions spectra is larger for AD4A than ADgA and points to smaller
geometry changes for AD,A upon S; < S, excitation. This in
turn can be expected to affect the Franck-Condon factors and to
slow down S; — S, internal conversion (IC)."” Slower radiative
decay and internal conversion but faster ISC upon increasing
torsion can account for the observed decrease of fluorescence
quantum yield and excited-state lifetime. Therefore, the higher
triplet yield is consistent with a twist-induced enhancement of
SOC (Fig. 10).

3.2 Twist-induced exciton trapping

The TRIR results reveal that the nature of the excited state of
AD,A in a medium polar environment is affected by the
distortion of the anthracene core. The twist-induced ESSB
observed with AD,A in THF can be explained in terms of
a simple excitonic model,**>* by considering that each D-m-A
branch is a single chromophore with a CT transition (Fig. 11).
Interbranch coupling, Vi, results in two excitonic states (x and [

E &

> %f%——
faster
T1
slower

rad kIC

] higher &_

] lower &

— shorter +
Sp mt i

0

Fig. 10 Jablonski diagram illustrating the effect of the twist on the
decay pathways of the single excited state of AD,A. For the sake of
simplicity, only the lowest triplet state is represented.
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Fig. 11 Qualitative illustration of the energetics of excited-state symmetry breaking and the effect of twisting distortion. Upon localisation of the
exciton, the stabilisation of the lowest excitonic state ([, corresponding here to the S; state) via interbranch coupling, Vi, is lost and the S; state
becomes doubly degenerate with the exciton on either the left or right side. In polar media, solvation energy is larger by AE; for the localised
dipolar excited state than for the delocalised quadrupolar state. Localisation of the excitation occurs when —AE; > — V. As Vj, decreases upon
twisting, symmetry breaking occurs in a less polar solvent than for a planar molecule. Increase and decrease of electronic density are represented

in red and yellow, respectively.

in Fig. 11) with the excitation evenly distributed over the whole
molecule and with a Davydov splitting of 2Vj,. This coupling
stabilises the lowest delocalised excited state, i.e. the Q state,
relative to the localised D state. Therefore, ESSB and exciton
trapping should in principle not be energetically feasible,
unless there is a mechanism that stabilises the D state relatively
to the Q state. Such mechanism is present in polar media, where
dipolar solvation energy is significantly larger for the localised
D state than the delocalised Q state.>*" If the gain of solvation
energy upon localisation of the charges compensates for the
loss of interbranch coupling, the D state is more stable than the
Q state and ESSB takes place.””?*” According to this picture, the
fact that ESSB occurs in a less polar solvent with AD4A than with
ADgA points to a smaller interbranch coupling for the former
(Fig. 11).

In principle, Vi, corresponds to half the gap between the
upper and lower excitonic states, ¥ and [ (Fig. 11). However, as
the u < S, transition is one-photon forbidden for a centro-
symmetric chromophore,* it is not really possible to detect it,
especially considering the continuous absorption spectrum
below 530 nm. The same problem was encountered with the
quantum-chemical calculations. The upper excitonic state
could not be clearly identified, most probably because of its
mixing with other nearby states. However, the markedly more
intense SE band measured in CHX with ADgA relatively to AD,A
points to a larger S; — S, transition dipole for ADgA, in agree-
ment with a stronger interbranch coupling.

Two mechanisms, one through space and one through bond,
could contribute to this difference in Vj,. The first involves the
dipolar interactions between the branches. Kasha's excitonic
model predicts the S;-S, transition dipole of the delocalised Q
state of a linear double-branched dye to be larger by a factor of
V2 than that of a single branch.”” This agrees well with the
larger amplitude of the SE band in the TA spectra of AD,A
compared to AD,,. The larger bending angle of AD,A relative to

Chem. Sci.

ADgA predicted by the calculations should result in a weaker
dipolar interaction in AD4A. The second mechanism involves
exchange interaction through the anthracene core.*® Such
through-bond contribution to the interbranch coupling can be
expected to be reduced upon distortion of the 7 conjugated
system. Independently of which of these two mechanisms
contributes most to the interbranch coupling, the twist results
in smaller V;;, and consequently a less polar solvent is required
for ESSB to be operative and for the trapping of the exciton on
a single branch.

4 Conclusion

We investigated here how out-of-plane distortion of the central
aromatic core of a double-branch D-1-A molecule affects the
nature of the excited state and its dynamics. The donor twisting
strongly affects the chiroptical properties, with a significant
increase of the ECD response and CPL activity for AD,A. The
main goal of previous studies was to exploit distortion for
increasing spin-orbit coupling to accelerate intersystem
crossing and achieve large triplet yield without heavy atoms.
Such twist-induced enhancement of spin-orbit coupling is also
observed here, although the triplet yield remains relatively
small.

Our TRIR results reveal unambiguously that ESSB, hence
exciton trapping, is facilitated by the twist of the core. Conse-
quently, this phenomenon is operative in a medium polar
solvent like THF, whereas a markedly more polar environment
is required in the absence of distortion. This higher tendency
toward the localisation of the exciton upon twisting arises from
the decrease of interbranch coupling. Consequently, the loss of
this coupling upon localisation needs a less polar solvent to be
compensated for. Previous investigations showed how the
propensity for ESSB and exciton trapping can be tuned upon
varying the electron donating and accepting strength of the
constituents, the length of the D-m-A branches as well as their

© 2025 The Author(s). Published by the Royal Society of Chemistry
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position on the central core. Here, we could show that it can
also be modified without any change in the chemical nature of
the molecule, but by mere distortion. In principle, such
distortion could also be induced in a constrained environment
without the need of a tether. These findings are also relevant for
our understanding of the excited-state properties of large
conjugated systems and could be used to better control the
spatial distribution of the electronic excitation and potentially
their photochemistry.
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