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Localisation of the electronic excitation via excited-state symmetry breaking (ESSB) is a characteristic
property of many quadrupolar dyes in polar environments, and was shown to depend on the nature of
the electron donor (D) and acceptor (A) subunits and their separation distance. Here, we compare the
excited-state properties of two centrosymmetic D—-n—A-n—D dyes with a dipyrrolonaphthyridinedione
(DPND) acceptor and N,N-dimethylaniline donors, which only differ by the position of the —t—D arms
on the DPND core. Time-resolved IR spectroscopy reveals that ESSB and hence exciton trapping on
single A—n—D branch is facilitated with the donor arms in 1 and 7 positions on the DPND core compared
to 3 and 9 positions, given that it occurs in a medium polar solvent for the former and only in highly
polar media for the latter. This a priori unexpected difference is explained by the significantly larger
dipole moment generated upon ESSB for the 1,7 isomer, as reflected by its much larger fluorescence
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DOI: 10.1039/d6cp00121a solvatochromism compared to the other isomer. In this respect, the DPND core with its C,,, symmetry

allows for a much finer tuning of the excited-state properties of quadrupolar dyes than most previously
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1 Introduction

Over the past few years, excited-state symmetry breaking (ESSB)
in polar environments was found to be a common pheno-
menon of many multipolar molecules consisting of electron
donor (D)-acceptor (A) branches arranged in D—(n-A),; or
A~(n-D), ; motifs."*> During this process, the exciton, initially
distributed evenly over the whole molecule, localises, at least
partially, on one D-n-A branch. As a consequence, the excited
state changes from quadrupolar/octupolar to dipolar. Previous
investigations revealed that the propensity of a multipolar
molecule to undergo ESSB in polar solvents increases with
the electron donating and withdrawing strength of the D and
A constituents as well as with their separation distance. These
results were rationalised with a simple excitonic model in
which ESSB is only possible if the loss of interbranch coupling,
Vi, upon localisation is compensated by a gain in solvation
energy.””*>7> The effect of substitution pattern was also inves-
tigated by comparing two D-n-A-n-D molecules with the same
D and A subunits but with different symmetries, one centro-
symmetric and linear and the other with the two branches
forming a right angle.*® Full localisation of the excitation on
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used D or A cores of higher symmetry.

one branch was found to be easier, i.e. to require a less polar
solvent, for the linear molecule than for the right-angled one.
This was explained by the fact that the delocalised state of the
right-angled molecule is already polar. Consequently the gain in
solvation energy upon ESSB is smaller than for the linear one.
Here, we compare two formally centrosymmetric D-n-A-n-D
molecules, which differ by the position of the n-D branches on
the dipyrrolonaphthyridinedione (DPND) acceptor core, i.e., in
either 1 and 7 positions, ‘Away’ from the pyrrole N atom (A1) or
in 3 and 9 positions, ‘Close’ to the pyrrole N atom (C1, Fig. 1).
DPNDs are recently introduced cross-conjugated dyes,*” and
are now well recognised for their strong and tunable
emission,*®*?° large two-photon absorption cross-section,*®
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Fig. 1 Structure of the D—n—A-n-D dyes (An, Cn) and of the DPND core
model.
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and significant singlet fission yield.*' As a comparison, mole-
cules A2 and C2 with the dimethylanilines replaced by the
much weaker donor anisoles as well as the DPND core alone
were also investigated. To detect occurrence of ESSB, we apply
time-resolved IR absorption spectroscopy (TRIR) in the -C=C-
stretching region. If electronic excitation is delocalised evenly
over the whole molecule, only the anti-symmetric -C=C-
vibration is visible in the IR spectrum.*? On the other hand,
as soon as the centro-symmetry of the excited state is lost, the
symmetric -C=C- mode becomes IR active as well and two
bands are now visible in the transient IR spectrum. We find
that ESSB does not occur with anisole units as donors (A2 and
C2) but is operative with both A1 and C1. However, our results
reveal that the tendency to undergo ESSB depends on the
substitution pattern, with A1 exhibiting a higher propensity
than C1. This difference is explained by the combination of two
effects: (i) a weaker conjugation, hence a smaller interbranch
coupling, and (ii) a more dipolar excited state upon ESSB for A1
compared to C1.

2 Experimental
2.1 Dyes

The dyes C1 and C2 were synthesised as described in ref. 43,
while A2 was prepared as discussed in ref. 39. The synthesis of
A1 was performed via Sonogashira reaction as described in the
SI (Fig. S1-S3). The synthesis of core will be published sepa-
rately in due course. The solvents, cyclohexane (CHX, Thermo
Scientific), toluene (TOL, Thermo- Scientific), tetrahydrofuran
(THF, Thermo Scientific), benzonitrile (BCN, Thermo Scienti-
fic), acetonitrile (ACN, Sigma-Aldrich), and dimethyl sulfoxide
(DMSO, Roth) were of the highest commercially available purity
and were used as received.

2.2 Stationary spectroscopy

Electronic absorption spectra were measured using a Cary 50
spectrometer, whereas emission spectra were recorded on a Horiba
FluoroMax-4 spectrofluorometer. The fluorescence spectra were
corrected using a set of secondary emissive standards.**

2.3 Time-resolved spectroscopy

2.3.1 Time-resolved fluorescence. Fluorescence lifetime mea-
surements were performed using the time-correlated single-photon
counting (TCSPC) technique with a home-built setup described in
ref. 45. Excitation was achieved with a tunable picosecond laser
source (NKT photonics SuperK COMPACT with SuperK SELECT
tunable multiline filter). The full width at half maximum (FWHM)
of the instrument response function (IRF) was around 200 ps.

2.3.2 Electronic transient absorption spectroscopy. Ultra-
fast electronic transient absorption (TA) measurements were
performed with a setup described in ref. 46 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. The pump pulses were generated using a TOPAS-Prime
combined with a NirUVis module (Light Conversion). The pump
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irradiance on the sample was between 0.15 and 0.75 mJ cm ™.
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 IRF had a
FWHM varying between 80 and 350 fs, depending on the probe
wavelength.

2.3.3 Time-resolved infra-red spectroscopy. The time-
resolved infrared (TRIR) spectroscopy measurements were per-
formed using a setup described in detail previously,*” and
based on an amplified Ti:Sapphire system (Spectra-Physics,
Solstice, 100 fs, 800 nm, 1 kHz). The pump pulses were
generated from the second harmonic of the output of an optical
parametric amplifier (Light Conversion, TOPAS-C). Probing was
achieved using the output of an optical parametric amplifier
(TOPAS C, Light Conversion) combined with a non-collinear
difference-frequency-mixing module (NDFG, Light Conversion).
These pulses were dispersed in a Triax 190 spectrograph
(Horiba, 150 lines per mm) and detected with a 2 x 64 elements
MCT array (Infrared Systems Development). The samples were
flowed through a cell with CaF, windows separated by a 500 pm
spacer and had an absorbance of less than 0.3 at the excitation
wavelength.

2.4 Quantum-chemical calculations

All calculations were carried out in the gas phase at the density
functional theory (DFT) or time-dependent (TD) DFT level using the
CAM-B3LYP functional,*® combined with the 6-31G(d,p) basis set,
as implemented in the Gaussian 16 (rev.B) package.*’

3 Results

3.1 Stationary spectroscopy and quantum-chemical
calculations

The electronic absorption and emission spectra of A1 and C1 in
different solvents are depicted in Fig. 2. The lowest energy
absorption band of both dyes in CHX exhibits a distinct
vibronic structure that becomes hardly visible in polar solvents
due to broadening. This band shifts to lower energy by
1100 cm™ ' when going from A1l to C1. Additionally to the
broadening, this band exhibits a small solvatochromism, which
correlates with the solvent polarisability (Fig. S4), pointing to a
non-polar ground state, as expected, and to dispersion as the
dominant solute-solvent interactions.’>>' The lower absorp-
tion band of A2 and C2 with the weak anisoleD show similar
behaviour, except for a weaker broadening in polar solvents
(Fig. S5).

Much larger solvatochromism and band broadening can be
observed in the fluorescence spectrum of A1 and C1 (Fig. 2),
whereas only weak solvent dependence is found with A2 and C2
(Fig. S5). The red shift of the fluorescence of A1 and C1
correlates with the orientational polarisation of the solvent
(Fig. S4). This points to a solvatochromism dominated by
dipole-dipole interactions,’® and suggests a dipolar excited
state in polar solvents, hence a localisation of the excitation.

This journal is © the Owner Societies 2026
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Fig. 2 Electronic absorption (solid lines) and fluorescence spectra
(dashed lines) of Al (top) and C1 (bottom) in various solvents. CHX:
cylohexane; TOL: toluene; THF: tetrahydrofuran; BCN: benzonitrile.

Interestingly, although these two dyes consist of the same D
and A subunits at the same distance, the fluorescence solvato-
chromism of A1 is significantly larger than that of C1, with a
shift of 6570 vs. 3880 cm™ " when going from CHX to BCN
(Fig. S4). The solvent shift is also accompanied by a marked
decrease in fluorescence quantum yield, which correlates with
the shortening of the fluorescence lifetime observed by going
from CHX to THF. This effect is more marked with A1, namely by
a factor of about 5 (2.6 and 0.5 ns) vs. a factor of less than 2 (2.8
and 1.5 ns) for C1, as shown in Table S1. The fluorescence
solvatochromism of A2 and C2 is comparatively much smaller,
1400 and 1160 cm ™' respectively, when going from CHX to BCN
(Fig. S5). Additionally, the fluorescence lifetime is essentially the
same in CHX and BCN (Table S1). These results are consistent
with the much weaker electron-donating properties of anisole.

The above results can be rationalised using gas-phase
quantum-chemical calculations at the (TD)-DFT level of analo-
gues of A,, and C,, with the heptyl substituents replaced by H
atoms. They point to a planar ground state for A, and C,.
However, significant torsional disorder is predicted, given that
these molecules are relative flexible for the rotation around the
single bonds of the phenylethynyl arms. For A1, the barrier for
torsion is slightly lower than for C1, namely, 2.0 vs. 3.1 kgT at
room temperature (Fig. S7).

According to TD-DFT calculations, the S; « S, transition of
all four dyes is dominated by a HOMO to LUMO one-electron
excitation and characterised by a large oscillator strength,
around 1.5-1.6 for A1 and C1 and around 1.3 for the other
two (Fig. 3 and S8, Table S2). The red shift of the S; « S,
transition observed when going from A1 to C1 (Fig. 2) is also
reproduced by the calculations, with the S, state of C1 located
0.11 eV (900 cm ™ ') below that of A1 (Table S2). Additionally, the
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Fig. 3 Frontier molecular orbitals (CAM-B3LYP/6-31G(d,p)) of analogues
of Al and C1 with R—H (Fig. 1) involved in the S; « S (HOMO to LUMO)
and S, « Sg (HOMO-1 to LUMO) transitions.

S, < S, transition, mostly a HOMO—1 to LUMO excitation, is
predicted to be about 0.6-0.7 eV higher and to be symmetry
forbidden. This result is fully consistent with the theoretical
models used to describe the lowest excited states of quadrupo-
lar molecules, with the one-photon allowed and two-photon
forbidden S; « S, transition and the one-photon forbidden
and two-photon allowed S, « S, transition.’*”*** In the
excitonic model,”* these dyes can be considered as two D-1-A
chromophores arranged in a collinear manner, similar to a J-
dimer. The frontier molecular orbitals reveal that these first two
electronic transitions involve significant charge transfer from
the dimethylanilines D to the DPND core, and point to a
significant increase in quadrupole moment upon excitation
(Fig. 3). This change is comparatively smaller with anisole as
donor, i.e. for A2 and C2, as expected (Fig. S8).

TD-DFT calculations also predicted a planar S; state, but
higher barriers for torsion of the phenylethynyl arms, namely 7
and 8kgT, for A1 and C1, respectively (Fig. S7). This difference
in barrier for torsion between ground and excited states is
typical of phenylethynyl-based chromophores and results in
non-mirror image relationship of absorption and emission
spectra, with a narrower and more structured fluorescence

spectrum, as observed here in CHX.>*™’

3.2 Electronic transient absorption spectroscopy

Electronic transient absorption (TA) measurements were per-
formed with all four dyes in the non-polar CHX and the polar
BCN. The TA data were analysed globally assuming a series of
successive exponential steps to obtain evolution-associated
difference absorption spectra (EADS) and time constants.*®>®
These EADS and time constants do not necessarily correspond

Phys. Chem. Chem. Phys., 2026, 28, 8387-8395 | 8389
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Fig. 4 Evolution-associated difference absorption spectra and time con-
stants obtained from global analysis of the transient absorption data
recorded upon photoexcitation of Al and C1 in cyclohexane (CHX, A
and B) and benzonitrile (BCN, C and D) assuming a series of successive
exponential steps (A - B — --- —). The negative stationary absorption and
stimulated emission spectra are shown in shaded area for comparison.

to well-defined states/species and inverse rate constants but
reflect the changes in the TA spectra and their timescales.

The TA spectra recorded with A1 and C1 in CHX are
qualitatively similar with a negative band above 600 nm due
mostly to stimulated emission (SE) and positive bands at
shorter wavelength due to S,~; < S; excited-state absorption
(ESA) (Fig. 4A, B and S9). The bleach of the S; « S, band is
hardly visible because of overlapping ESA features. The latter
are also overlapping with the lower energy side of the SE of C1.
Apart from the decay of all bands on the ns timescale, in
agreement with the fluorescence lifetimes (Table S1), the TA
spectra exhibit only little dynamics at early time, which most
probably arise from vibrational and/or structural relaxation. For
example, the increasing vibronic structure of the SE band of A1
is consistent with planarisation.>®

By contrast, significant spectral dynamics can be observed in
BCN, especially in the SE region (Fig. 4C, D and S9). They can be
explained by the red shift of the SE band due to solvent
relaxation and the appearance of ESA features that are hidden
by the SE band at early time. The timescales of these changes are
similar to those of solvent relaxation in BCN.”® The concurrent
blue shift of the ESA band around 500 nm is also consistent with
the equilibration of the S; state and an increase of S,-1-S; gap.
Comparatively, much less spectral dynamics can be observed
with A2 and C2 (Fig. S10 and S11), in agreement with their
markedly smaller fluorescence solvatochromism.
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Fig. 5 Evolution-associated difference absorption spectra and time con-
stants obtained from global analysis of the transient absorption data
recorded upon photoexcitation of the core (A) without and (B) with 1 M
N,N-dimethylaniline (DMA) in benzonitrile assuming a series of successive
exponential steps (A - B — .-+ —). The negative stationary absorption and
stimulated emission spectra are shown in shaded area for comparison.

These TA data in BCN also reveal a strong acceleration of the
excited-state decay relative to CHX, with the S, lifetime decreasing
from ns to 125 and 500 ps for A1 and C1, respectively. This
decrease with increasing solvent polarity is also consistent with
that observed for the fluorescence lifetime when going from CHX
to THF. This effect is notably more marked for A1 than C1.
Comparatively, the excited-state decays of A2 and C2 are not
affected by the solvent polarity.

To find spectral evidence for a charge-transfer character of
the S, state of A1 and C1, TA measurements were also carried
with the DPND core alone and with 1 M N,N-dimethylaniline
(DMA) in BCN. As illustrated in Fig. 5, in the presence of DMA,
the SE band of core decays in a few ps and positive bands around
440 and 700 nm appear concurrently. Given that the radical
cation of DMA absorbs relatively weakly around 460-470 nm,
these two bands are most probably due to the radical anion of
core. Based on these results, the ESA features observed with A1
and C1 in BCN are consistent with a S; state characterised by
significant charge transfer from the DMA donor(s) to the DPND
acceptor.

3.3 Time-resolved infra-red spectroscopy

Time-resolved IR (TRIR) measurements were carried out with
A1l and C1 in a series of solvents of increasing polarity (Fig. S12
and S13). A2 and C2 were only investigated in CHX and DMSO,
as very little solvent dependence of the TRIR dynamics was
observed (Fig. S14 and S15). Like for the TA experiments, the
TRIR data were analysed globally assuming series of successive
exponential steps (Fig. 6, S14 and $15).°*' In CHX, both A1
and C1 exhibit a single band, ESA1, in the -C=C- region
(Fig. 6). For A1, this band is significantly narrower and is
shifted by +20 cm ™' relative to C1. For both molecules, this
bands rises and narrows during the first ~20 ps before decay-
ing on the ns timescale, in agreement with the S; state lifetime
determined from TA and time-resolved fluorescence. This early

This journal is © the Owner Societies 2026
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Fig. 6 Evolution-associated difference absorption spectra and time constants obtained from global analysis of the time-resolved IR absorption data

recorded upon photoexcitation of A1 and C1 in various solvents assuming a series of successive exponential steps (A - B — -+

—). CHX: cyclohexane;

THF: tetrahydrofuran; BCN: benzonitrile; DMSO: dimethyl sulfoxide. Given the poor solubility of A1 in DMSO, a 80: 20 (v/v) DMSO/BCN mixture was used.

narrowing can be attributed to vibrational and structural
relaxation,® similarly to the early dynamics observed in the
TA spectra. Additionally to ESA1, another broad positive feature
is present on the high-frequency side of the weak negative
feature around 2200 cm™ " due to the ground-state bleach of the
—-C=C- stretch band (Fig. S6). This high-frequency band, ESAe,
which extends above 2600 cm™*, is assigned to a mid-IR
electronic transition from the delocalised S, state, as supported
by the data discussed below.”**> ESAe is significantly more
intense with C1 and probably overlaps with ESA1. The mixing of
electronic and vibrational transitions with C1 could possibly be
at the origin of the much larger bandwidth of ESA1. As
illustrated in Fig. S14 and S15, the TRIR spectra recorded with
A2 and C2 exhibit similar behaviour.

The presence of a single -C=C- stretching band in the
TRIR spectrum points to a symmetric distribution of the
excitation on the two D-n-A branches with only the antisym-
metric stretching mode IR allowed.'>** In principle, the large
bandwidth recorded with C1 could also be due to the presence
of two weakly split bands and could, thus, indicate an uneven
distribution of the excitation. This can however be excluded by
the results obtained in polar solvents, as described below.

The TRIR spectra measured in the weakly polar TOL are very
similar to those in CHX (Fig. 6). However, significant changes
are observed when increasing solvent polarity to THF as illu-
strated in Fig. 6. The early spectra recorded with A1 are
dominated by ESA1 at the same frequency as in CHX but with
a larger width and by the broad ESAe, which is now as intense
as ESA1. Additionally, a weak and relatively narrow vibrational
band, ESA2, can be observed on the high-frequency side of
ESA1. Over the first 10 ps after excitation, ESA2 increases and
becomes dominant, while ESA1 and ESAe decay concurrently.
Afterwards, all three bands decay in parallel in 600-700 ps.

This journal is © the Owner Societies 2026

The early TRIR spectra measured with C1 in THF also exhibit
intense ESA1 and ESAe and a weak ESA2 (Fig. 6). However, the
intensity increase of ESA2 and parallel decrease of ESA1 and
ESAe, which occur during the first few ps, is much smaller than
for A1. Consequently, after these changes, ESA1 and ESAe
remain dominant. After these early dynamics, all three bands
decay concurrently on the ns timescale.

The presence of two -C = C- stretching bands in THF can be
interpreted as evidence of ESSB and a lopsided distribution of
the excitation over the molecule.'®** Consequently, the sym-
metric -C= C- stretching mode is no longer IR forbidden. The
early dynamics with the increase of ESA2 and partial decrease
of the other two bands reflect the ESSB dynamics. They occur
on a timescale similar to those of solvent motion in agreement
with previous findings that ESSB is driven by a gain in solvation
energy.””*>%® The difference in the ESA1/ESA2 intensity ratio
between A1 and C1 suggests that the extent of asymmetry is
larger for Al. This conclusion is consistent with the
stronger intensity decrease of ESAe, attributed to an electronic
transition of the delocalised excited state, observed with A1
compared to C1.

Similar early dynamics are observed upon further increasing
the solvent polarity, i.e., in BCN and DMSO (Fig. 6). Due to the
limited solubility of A1 in DMSO, measurements with this dye
were carried out in a 80:20 (v/v) DMSO/BCN mixture. For Al,
only ESA2 is present in the late spectra, pointing to a full
localisation of the excitation on one A-n-D side of the mole-
cule. In this case again, the timescale of the early dynamics are
similar to those of solvent motion.>® By contrast, for C1 in BCN,
both ESA1 and ESAe remain very intense after equilibration,
although ESA2 is more visible than in THF. This band becomes
dominant only in the highly polar DMSO, but the other two
bands are still visible contrary to A1.

Phys. Chem. Chem. Phys., 2026, 28, 8387-8395 | 8391
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These results reveal that full ESSB, i.e., exciton trapping on a
single branch, is operative with A1 in BCN and more polar
solvents, whereas excitation in C1 remains partially delocalised.

In agreement with the TA measurements in CHX and BCN,
these TRIR data point to a continuous decrease of the relaxed S,
state lifetime with increasing solvent polarity, namely, from a
few ns in CHX to 600, 130 and 42 ps for Al in THF, BCN and
DMSO/BCN, respectively. This effect is not as marked for C1,
whose excited-state lifetime changes from a few ns in CHX and
THF to 540 and 82 ps in BCN and DMSO.

Comparatively, the TRIR spectra of the molecules with
anisole donors, A2 and C2, exhibit little dynamics with a single
vibrational band in the -C= C- stretching region and a possible
broad electronic background in CHX as well as in DMSO
(Fig. S14 and S15). Moreover, the excited-state lifetime is on
the ns timescale in both solvents. These results suggest that
electronic excitation remains evenly delocalised independently
of the solvent polarity and the position of the n-D arms.

4 Discussion

The trends in the extent of ESSB revealed by the TRIR measure-
ments are fully consistent with the observed fluorescence
solvatochromism (Fig. 2 and S5). On the one hand, the negli-
gible solvent dependence of the emission spectra of A2 and C2
agrees with a quadrupolar excited state. On the other hand, the
substantial emission solvatochromism of A1 and C1 points to a
dipolar character of the excited state. Furthermore, the larger
solvent dependence measured with A1 compared to C1 suggests
that, in polar media, the excited state of A1 is more dipolar than
that of C1.

The absence of ESSB with anisole as donor can be easily
explained by its weak electron donating ability, reflected by its
very positive oxidation potential of 1.76 V vs. SCE relative to
0.78 V vs. SCE for DMA.®*®® These values should be compared
with the reduction potential of the DPND of —1.12 V vs. SCE,"*
and the energy of its S; state of 2.35 eV. According to the Weller
equation (eqn (S1)),%® photoinduced electron transfer between
DPND and anisole is highly endergonic, i.e. AGgr = 0.53 eV,
whereas it is energetically favourable with DMA with AGgr =
—0.45 eV. Therefore, only weak CT from the core to the anisole
ends should be expected upon photoexcitation of A2 and C2.
Consequently, their S; state should be only weakly quadrupo-
lar. By contrast, much larger CT and quadrupolar moment can
be expected for the S; state of A1 and C1.

More surprising is the finding that ESSB is easier with A1
than with C1, despite them having the same D and A strength
and C,, symmetry. To explain this, we consider the simple
excitonic model mentioned in the introduction, where both D-
n-A-n-D dyes can be approximated to a J dimer of D-n-A with
the Davydov splitting of the two lowest delocalised electronic
excited states, S; and S,, corresponding to twice the interbranch
coupling, 2V;, (Fig. 7, left).””*> Exciton localisation on a single
branch leads to a loss of the interbranch coupling and is, thus,
endergonic by V;,. However, if the gain of solvation energy upon
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Fig. 7 Energetics of excited-state symmetry breaking. (left) Exciton loca-
lisation in non-polar media is not operative because the excitonic stabi-
lisation energy of the delocalised state, Vi, is lost. (right) In polar solvents,
the quadrupolar excited state, S q, is stabilised by solvation energy, Esq.
which is smaller than E; p, the solvation energy of the dipolar excited state,
Sip. If the gain in solvation energy, AEs = Egp—Esq, is larger than Vi,

excited-state symmetry breaking is energetically favourable, AEsg < O.

going from the symmetric quadrupolar excited state to the
dipolar symmetry-broken state, AE, exceeds Vjp,, then ESSB is
energetically favourable (Fig. 7, right). As a consequence, the
higher tendency of A1 to undergo ESSB compared to C1, must
originate from a smaller V;, and/or a larger AE;.

The red shift of the S;-S, absorption and emission spectra of
C1 in CHX relative to those of A1 (Fig. 2) can be explained by a
larger conjugation in the S; state of the former and should be
associated with a larger Vj,. In principle, the splitting of the
symmetric and antisymmetric vibrations of two coupled vibra-
tors increases with the magnitude of the coupling.®”®® There-
fore, the larger frequency splitting of ESA2 and ESA1 measured
with C1 relative to A1 in THF and BCN, namely 85 vs. 75 cm ™'
(Fig. 6), could also reflect a larger V;;, value. Finally, calculations
of the nucleus-independent chemical shift (NICS) values for A2
and C2 reported in ref. 39 predict a slightly higher aromaticity
of the pyrrole rings upon 3,9- (i.e. Cn) than 1,7-substitution
(An), supporting a higher conjugation for 3,9-substitution and
possibly a larger interbranch coupling for C1. Nevertheless, all
these differences between An and Cn are small and might not
be sufficient to account for the higher tendency of Al to
undergo ESSB.

However, a major difference between A1 and C1 can be
observed in the fluorescence solvatochromism, which is more
than 50% larger for A1 (Fig. 2 and S4). This implies that the
relaxed S; state of A1 is much more stabilised by polar solvation
than that of C1, pointing, thus, to a significantly larger gain in
solvation energy, AE;, than for C1. This higher stabilisation of
the relaxed S, state of Al in polar media is also confirmed by
the significantly shorter excited-state lifetime compared to
C1, ie., by a faster non-radiative decay due to the reduced
S1-So gap.

The gain in solvation energy, AE;, was shown to be well
approximated by taking half of the fluorescence band shift
measured by going from a non-polar to a given polar solvent.””
Based on this, AE in BCN can be estimated to be larger for A1
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Fig. 8 Charge density difference surfaces calculated for the S; « Sp
transition of single branched analogues of Al and C1. Yellow and blue
colours stand for decrease and increase in electronic density, respectively.
The red arrows designate the carbonyl oxygen atom undergoing the
largest increase in electronic density upon excitation. For Alsb, this atom
is located further apart from the electron-donating group, suggesting a
more polar excited state than for Cisb.

than C1 by about 0.15 eV. This is a substantial difference that
can easily account for the higher propensity of Al toward
exciton trapping.

The larger AE; of A1 indicates that the symmetry-broken state of
A1 is more polar than that of C1. To try understanding the origin of
this effect, we performed quantum-chemical calculations of analo-
gues of A1 and C1 but with only a single -n-D branch, namely A1sb
and Cisb. Calculations of the permanent dipole moment of these
single-branched molecules predicted unrealistically large values,
between 4.5 and 5 D, in the ground state and only a minor increase,
around 0.7 D, in the S, state. A large ground-state dipole moment is
also predicted for A2sb, although this molecule exhibits negligible
absorption solvatochromism (Fig. S5C), pointing to weak ground
state dipole moment. Similar results were obtained with other
functionals and basis sets, such as ®B97XD/def2-TZVPP. Reliable
calculation of permanent electric dipole moments using standard
DFT based methods is known to be problematic for such
systems.®*”° Therefore, the results of these dipole moment calcula-
tions were no longer considered.

However, the frontier MOs involved in the S; « S, transition
as well as the associated charge density difference (CDD)
surfaces suggest a possible origin of the higher polarity of the
localised S; state of Al. As illustrated in Fig. 8, the increase of
electronic density upon S; « S, excitation is not the same for
the two carbonyl oxygen atoms. For both Alsb and C1sb, it is
the largest for the carbonyl oxygen located close to the pyrrole
ring bearing the -n-D arm. For A1sb, this atom is much farther
from the DMA donor than for Cisb, with a O-N distance of
12.7 Avs. 7.5 A. Given that dipolar solvation energy scales with
the square of the dipole moment, such difference should be
sufficient to account for a larger gain in solvation energy upon
ESSB in A1l.

5 Conclusions

Previous investigations of D-(n-A), and A-(n-D), molecules
evidenced how excited-state symmetry breaking and exciton
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localisation depend on the push-pull character of the consti-
tuents, their separation distance and the overall symmetry of
the molecule. The present study with two centrosymmetric D—
n-A-m-D dyes, which only differ by the position of the -n-D
arms on the DPND acceptor core reveals that the substitution
pattern has also an effect on the tendency of the electronic
excitation to localise on one A-n-D side in polar media. This
difference can be explained by the C,;, symmetry of the DPND
core. Because of it, substitution of an electron donor in position
3, close to a carbonyl group, or in position 1 away from a
carbonyl, leads to different charge-transfer characters in the
excited state. Consequently, the dipole moment of the symme-
try broken S, state is larger when the donors are in positions 1
and 7 (A1) than in positions 3 and 9 (C1). In this respect, using
DPND as a core allows for a finer tuning of the nature of the
excited state than most of the donor or acceptors cores used so
far, which have a D,;, symmetry, and for which substitution on
either side is equivalent. These findings illustrate how appar-
ently subtle structural differences can have strong impact on
the nature of the excited state of such multipolar dyes. A deeper
understanding of these structural effects would certainly facil-
itate further developments of quadrupolar dyes and fluoro-
phores for specific applications.
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