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Abstract

Electronic excitation in quadrupolar conju-
gated molecules rapidly localises on a single
electron donor-acceptor (DA) branch when in
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polar environments. The loss of centre of inver- 3

sion upon this excited-state symmetry breaking

(ES-SB) can be monitored by exploiting the re-

laxation of the exclusion rules for IR and Ra- ‘W
man vibrational transitions. Here, we compare < l

ES-SB in a right-angled (1) and a centrosym-
metric (2) DAD dyes using time-resolved IR
spectroscopy. We show that the localisation of
the excitation can also be identified with the
bent molecule 1. We find that, contrary to
dye 2, subpopulations with localised and de-
localised excitation coexist for 1 in weak to
medium polar solvents. This difference origi-
nates from torsional disorder present in the ex-
cited state of 1 but not of 2. Additionally, irre-
versible localisation in a bent molecule is shown
to require higher solvent polarity than in a cen-
trosymmetric one.

2050 2100 2150
Wavenumber / cm’

2200



bogdan.dereka@chem.uzh.ch
eric.vauthey@unige.ch

Over the past few years, excited-state sym-
metry breaking (ES-SB) was found to be rather
common in quadrupolar conjugated molecules
dissolved in polar media.X® During this pro-
cess, the electronic excitation, initially dis-
tributed evenly over the whole molecule, lo-
calises, at least partially, on one of the two
electron donor-acceptor (DA) branches. As
ES-SB confers a dipolar character to the ex-
cited state, its occurrence was first inferred
from the fluorescence solvatochromism that
was unexpectedly large for centrosymmetric
molecules FHHARLBLEZ02A N\ore recently, this
phenomenon could be visualised in real time us-
ing time-resolved IR (TRIR) spectroscopy, by
exploiting the breakdown of the exclusion rules
for IR- and Raman-allowed vibrational tran-
sitions. 132328 These two approaches work
particularly well to detect ES-SB in centrosym-
metric molecules because of the resulting loss
of centre of inversion.

In principle, ES-SB should also occur in
double-branched molecules of lower symmetry.
However, its detection could be problematic
because, first, fluorescence solvatochromism
should be present even when excitation is de-
localised evenly over the molecule and, second,
the exclusion rule for vibrational transitions can
no longer be exploited.

We report here on our investigation of the
excited-state dynamics of a non-linear double-
branched DAD dye of Cy, symmetry (1, Figure
1h). We show that TRIR remains a power-
ful technique to detect the localisation of the
excitation in molecules without a centre of in-
version. Moreover, comparison of 1 with its
quasi-linear analogue (2, Figure [lp), which was
previously found to behave like a centrosym-
metric molecule,” reveals significant differences
in the effect of solvent polarity and structural
disorder on the ES-SB dynamics.

The difference in geometry of 1 and 2 can be
appreciated by comparing their one- (OPA) and
two-photon absorption (TPA) spectra as well as
their absorption and emission solvatochromism
(Figures [Ip,c and S1). Whereas the OPA and
TPA spectra of 1 exhibit strong similarities,
those of 2 each show a single and distinct band.

Lineshape analysis of the spectra of 1 (Fig-
ure S2 and Table S1) points to the presence
of two transitions, S14-Sg and So<—Sg, split by
2700cm~!. On the other hand, 2 obeys the
mutually exclusive selection rules for OPA and
TPA of centrosymmetric molecules.?” These re-
sults can be rationalised with a simple exci-
ton model, where each DA branch is considered
as an individual chromophore with a charge-
transfer optical transition (Figure [1{d).%" Ac-
cordingly, the Davydov splitting, 2V, V being
the interbranch coupling energy, is equal to the
S9-S5 splitting and is predicted to be larger for
2 than for 1, as observed experimentally. Sim-
ilarly, the S;<-Sy and Sy4—S, transitions of 1
are predicted to be allowed for both OPA and
TPA.

The absorption solvatochromism of 1 is larger
than that of 2 (Figure S1). This difference can
be attributed to the larger permanent dipole
moment of 1, arising from the 90° angle be-
tween its two DA branches. The emission
solvatochromism of both dyes is considerably
stronger, with the spectrum shifting outside the
visible region in solvents with a dielectric con-
stant above ~6 (Figure [1p). It is about twice
as strong for 1 than for 2, pointing to a higher
excited-state dipole moment of 1 in this range
of solvent polarity. Plots of the emission en-
ergy vs. the orientational polarisation function
of the solvent, Af, point to a possible non-
linear behaviour as that expected for ES-SB
(Figure S1). However, the range of accessible
solvent polarity is too small to draw definitive
conclusions.

TRIR spectra recorded in the -C=C- stretch-
ing region upon 400 nm excitation of 1 and 2
in solvents of increasing polarity are illustrated
in Figure 2| and Figures S5-S7.

We start with 2, whose ES-SB dynamics
was discussed in detail previously.™? In brief,
the TRIR spectra in non-polar solvents are
dominated by a single excited-state absorption
(ESA) band at 2070 cm™! associated with the
antisymmetric -C=C- stretching mode of the
fully delocalised quadrupolar excited state, S$¢.
Apart from some initial shift and narrowing due
to vibrational and structural relaxation, this
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Figure 1: a) Structures of the D-m-A-7-D dyes 1 and 2 with two electron donating aniline fragments
(red) and a fluorenone acceptor (dark blue) connected with ethynyl w-spacers. b) Fluorescence
solvatochromism of 1 (top) and 2 (bottom). Solvents: CHX — cyclohexane, DPE — dipentyl ether,
DBE — dibutyl ether, DiPrE — diisopropyl ether, DEE — diethyl ether, BuAc — butyl acetate, EtAc
— ethyl acetate. ¢) Comparison between one- (OPA, solid line) and two-photon absorption (TPA,
markers) spectra of 1 and 2 in cyclohexane. d) Excitonic coupling (V') between the two charge-
transfer branches leads to the Davydov splitting of the S; and S, energy levels. The magnitude of
the coupling as well as the selection rules depend on the molecular symmetry: both transitions from
Sp are both OPA and TPA allowed for 1, whereas for 2 the two transitions are mutually exclusive
for OPA and TPA. The thickness of the arrows reflects the oscillator strength of the transition.

band decays on the ns timescale. In weak to
medium polar solvents like dibutyl ether (DBE,
¢s = 3.1), diethyl ether (DEE, ¢, = 4.3) and
chloroform (CHCls, €, = 4.8), the early spec-
tra exhibit the same band of the S state, but
transform in a few ps to a spectrum with two
ESA bands, an intense one around 2080 cm™!
and a weak one at ~ 2160cm™!, which re-
mains unchanged during the excited-state life-

time (Figures |2 and S5). This spectrum is due
to an ‘intermediate’ excited state, S!, with a
lopsided distribution of the excitation on the
two DA branches. Finally in highly polar sol-
vents like benzonitrile (BCN, e, = 25.2 ), ace-
tonitrile (ACN, €, = 37.5) and dimethylsulfox-
ide (DMSO, €, = 46.7), the same initial dy-
namics is observed but the spectrum of the St
state evolves further to a spectrum with a sin-
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Figure 2: TRIR spectrotemporal maps in the
-C=C- stretch region measured with 1 (left)
and 2 (right) in non-polar cyclohexane (CHX),
weakly polar diethyl ether (DEE) and highly
polar dimethylsulfoxide (DMSO). Vibrational
transitions of various states are designated as
indicated in the legend. Spectra of 2 were
adapted with permission from ref. [7] copyright
2016 American Chemical Society.

gle ESA band at 2130cm~!. This band was
assigned to the -C=C- stretching mode of the
dipolar excited state, SP, with the excitation
fully localised on a single DA branch.”

The early spectra measured with 1 in CHX
present an ESA band around 2020 cm~! with a
low-frequency shoulder, which can be assigned
to the antisymmetric and the symmetric -C=C-
stretching modes, respectively (Figures [2| and
. Additionally, the onset of a broad and
intense ESA band peaking between 2700 and
3000 cm~!(Figure S6) is visible. This feature,
which is absent with 2, can be attributed to
an electronic transition between the two low-
est excitonic states of 1. As discussed previ-

ously, 1334 this transition is a characteristic of
the delocalised excited state, S{°. According
to the above-mentioned excitonic model (Fig-
ure ), its energy corresponds to the So-S;
gap, which amounts to 2700 cm™!. Both vibra-
tional and electronic bands of 1 decay concur-
rently with a ~800 ps time constant to a resid-
ual spectrum consisting of a weak ESA band at
1950 cm™! with a shoulder around 1910cm™!,
which can be ascribed to the two -C=C- stretch-
ing vibrations of 1 in the Ty state (Figure [3)).
Like for 2, the electronic excitation in CHX
is distributed evenly on both branches. How-
ever, for 1, this information is mostly deduced
from the persistent presence of the mid-IR elec-
tronic ESA band of the S9! state. For 2, this
ESA band should be at higher frequencies, i.e.
around 3500 cm ™!, as a consequence of a higher
interbranch excitonic coupling.

In the weakly polar dibutyl ether, the early
spectra measured with 1 exhibit the two bands
of the S{¢! state as measured in CHX, as well as
a new weak ESA band at 2140 cm ™! (Figure [3).
This band resembles that of the SP state of 2
as well as that measured with a single-branched
analogue.” Based on this, it is attributed to the
fully localised S; state of 1, i.e. the SP state.
This assignment is supported by the fact that
the subsequent increase of this band with 12
and 240 ps time constants is accompanied by a
partial decay of the vibrational and electronic
ESA bands of the S{¢ state. Afterward, all
bands decay concurrently on the ns timescale.

As the solvent polarity is increased further
by going to DEE and CHCI; (Figures [2] [3 and
S7), the partial decay of the S¢°! bands becomes
more pronounced, and the initial and final am-
plitudes of the SP band are larger. Moreover,
the S{¢'—=SP conversion accelerates consider-
ably and takes place within 15ps in both sol-
vents. Additionally, the SP band exhibits fast
spectral dynamics (Figures S8 and S9), e.g., an
approx. 20cm™! down-shift in 1.8 ps followed
by a ~6cm ™! up-shift in 7ps in DEE . As dis-
cussed in more detail in the Supporting Infor-
mation (Section S4), this effect is related to the
relaxation of the two different subpopulations
of the SP state: the first is generated promptly
within the instrument response and the other
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Figure 3: TRIR spectrotemporal maps in non-polar cyclohexane, weakly polar dibutyl and diethyl
ethers and highly polar DMSO depicting the -C=C- vibrational and excitonic So<—S; electronic
transitions of 1 (left) along with the evolution-associated difference spectra (EADS) and time
constants (right) obtained from global analysis assuming sequential A—+B—C—(D)— scheme.

one is formed more slowly from the S{¢ state.
Finally, in highly polar solvents like BCN,
ACN and DMSO, the spectral features of the
Sdel state decay totally within 5ps and only
the SP band remains. In turn, this band de-
cays rapidly on multiple timescales, the slowest
one decreasing from 110ps in BCN to 30 and
16 ps in DMSO and ACN, respectively. The

evolution-associated difference absorption spec-
tra (EADS), obtained from a global analysis of
the TRIR data assuming successive exponential
steps (A—B— ...), reveal the rise on a few ps
of a shoulder on the high-frequency side of the
SP band (Figure [3| bottom right). Given this
timescale and location of this feature on the
low-frequency side of the ground-state bleach,



this shoulder is attributed to the vibrationally
hot -C=C- stretching mode of 1 in the elec-
tronic ground state. It originates from the
ultrafast decay of the SP state in highly polar
solvents and the anharmonic coupling of the
-C=C- stretching mode with low-frequency vi-
brations. =27

These results reveal that ES-SB is not an ex-
clusive property of quadrupolar molecules like
2 and is also operative in two-branched DA
dyes of lower symmetry. They also point to
major differences in the excited-state dynam-
ics of these two molecules, especially in low to
medium polar solvents. Optical excitation of
2 always leads to the population of the delo-
calised S state, which then evolves further to
the S} state. At equilibrium, only the S! state
is populated. By contrast, partial population
of the SP state of 1 is observed at the earliest
time delays. Furthermore, the populations of
the S{°! and SP states coexist during the whole
excited-state lifetime of 1. These dissimilarities
between 1 and 2 can be understood by consider-
ing the potentials along the torsional coordinate
around the ethynyl bonds of the DA branches.
According to gas-phase quantum-chemical cal-
culations (Section S3), the torsional potential
in the electronic ground state is equally shal-
low for both dyes (Figure dp). This results in
a distribution of dihedral angles between the
molecular planes of the D and A sub-units at
room temperature, i.e. to torsional disorder,
as also reported for other conjugated molecules
with ethynyl spacer.®®%% For 1, the excited-
state torsional potential is similar to that of the
ground state, whereas it is about three times as
steep for 2. This effect originates from the con-
jugation between the fluorenone core and the
ethynyl branches in the excited state, which is
larger for substitution in 2,7- than 3,6- posi-
tions.

This difference in the excited-state potentials
has two important consequences. First, tor-
sional disorder should still be present in the ex-
cited state of 1, whereas it should be strongly
reduced for 2. In other words, the conforma-
tional ensemble of molecules 1 remains mostly
unchanged upon excitation, whereas molecules
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Figure 4: a) Gas-phase calculations (CAM-

B3LYP/6-31G(d,p)) of the energy of the
ground (bottom) and Franck-Condon S; states
(top) of 1 (yellow) and 2 (cyan) along the tor-
sional coordinate, defined as the dihedral angle
between the fluorenone and one of the aniline
planes. The excited-state energy of 2 was up-
shifted by 0.248 eV for the sake of comparison.
Accessible thermal energy (kgT') at room tem-
perature is shown as a horizontal dashed line
for both states. b) TRIR spectra recorded with
1 (left) and 2 (right) in cyclohexane upon 400
nm and 480 nm excitation.

2 planarise.

Second, the Si- Sy gap is independent of the
torsional angle for 1 but not for 2. Therefore,
photoselection of sub-populations with differ-
ent amounts of disorder should be possible with
2 4 but not with 1. To check these pre-
dictions, TRIR measurements with both dyes
were carried out in CHX using various excita-
tion wavelengths. As illustrated in Figures
and S10, the TRIR spectra recorded with 1 es-
sentially do not depend on whether excitation
is done at the red edge of the S;<-Sy band or
at the centre of the Sy<—Sy band. No signa-
ture of the SP band can be observed in CHX
regardless of the excitation wavelength (Figure
S10). The initial intensity rise and narrowing
of the band can be attributed to the dissipation
of the excess excitation energy via vibrational
relaxation. In the case of 2, the -C=C- ESA



band exhibits an initial blue shift and narrow-
ing upon excitation in the S,<—Sy band, while
it remains unchanged upon red-edge S;<Sy ex-
citation. The same behaviour was reported for
another linear DAD dye with ethynyl spacers.44
The initial shift and narrowing observed with
excess excitation energy was found to originate
from the planarisation of distorted molecules,
additionally to vibrational relaxation. This
previous study also revealed that, because of
this fast planarisation, torsional disorder does
not influence the ES-SB dynamics, which is
mostly driven by solvation.42

Based on this, the TRIR dynamics observed
with 1 can be explained as follows. Inde-
pendently of the wavelength, photoexcitation
of 1 projects the ground-state torsional dis-
order onto the S; state. According to gas-
phase quantum-chemical calculations, the am-
plitude of the HOMO, which is involved in
the S1+-Sy transition, is delocalised over the
whole molecule, but it is larger on the less dis-
torted branch (Figure S4). Therefore, in non-
polar solvents, excitation is delocalised on both
branches, possibly unevenly for the most dis-
torted molecules. However, considering the am-
plitude of the disorder at room temperature
(Figure {h), the asymmetry should be rather
weak. In any case, full localisation in non polar
solvent would cause a loss of interbranch exci-
tonic coupling, and should thus be an energet-
ically uphill process.?®

Upon increasing solvent polarity, localisation
of the excitation becomes energetically more
favourable as the gain of solvation energy com-
pensates for the loss of excitonic coupling. In
weak to medium polar solvents, occurrence of
ES-SB depends on the extent of distortion (Fig-
ure . For the most distorted subpopulation,
the electronic distribution should be sufficiently
asymmetric for localisation to occur with iner-
tial solvent reorganisation only. This can ac-
count for the observation of the SP band at the
earliest time delays. On the other hand, for the
subpopulation of the less distorted molecules,
excitation remains delocalised and the localisa-
tion takes place more slowly via diffusive sol-
vent motion. The energy difference between

the S{¢ and S} states should be small enough
for their populations to be in equilibrium. The
presence of this equilibrium points to the ex-
istence of a barrier between these two states.
Given that localisation is favoured by struc-
tural distortion and the asymmetry in the sol-
vent field, this barrier involves most probably
torsional and solvent motion.

As solvent polarity increases, the SP state
becomes more stable relative to the S state,
less distortion is required for localisation, and
the equilibrium is shifted toward this state. Fi-
nally, in benzonitrile and more polar solvents,
the gain in solvation energy upon localisation
is large enough for only the SP state to be pop-
ulated.

Although ES-SB is operative with both linear
and right-angled DAD dyes in polar media, the
delocalised state is only observed in non-polar
solvents with 2, whereas it is still populated
in medium polar environments with 1. This
difference can be explained by considering the
energetics of the localisation. As mentioned
above, for localisation to take place, the loss
of interbranch coupling has to be compensated
by a gain in solvation energy.?*%® In a given
solvent, this gain is significantly larger for a
linear molecule, because localisation leads to
a transition from a purely quadrupolar to a
dipolar state. By contrast, molecule 1 has
already a strong dipolar character in the de-
localised state, and therefore the difference in
solvation energy between the S¢¢! and SP state
is markedly smaller than for dye 2. In other
words, more polar solvents are required to make
this difference of solvation energy larger than
the interbranch coupling.

To sum up, we could show that ES-SB can
be detected using TRIR spectroscopy with a
DAD dye lacking a centre of inversion. Two
main differences were observed between the lin-
ear and the right-angle geometries. The first is
that the torsional disorder that is present for
both dyes in the ground state is preserved in
the excited state for the right-angled dye. This
leads to the coexistence of subpopulations with
delocalised and localised excitation in equilib-
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rium in weakly to medium polar solvents. The
second is that the driving force for the localisa-
tion of the excitation is smaller than for a cen-
trosymmetric dye, because the gain in solvation
energy is weaker, due to dye having a perma-
nent dipole moment independently of whether
excitation is localised or not. Such knowledge
should certainly be useful for better controlling
the distribution of electronic excitation in large
multibranched conjugated molecular architec-
tures.
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