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Excited-State Symmetry Breaking in an Aza-nanographene Dye

Brunella Bardi,® Maciej Krzeszewski," Daniel T. Gryko,*™ Anna Painelli,® and Francesca

Terenziani*@

Abstract: The photophysics of a structurally unique aza-analogue of
polycyclic aromatic hydrocarbons characterized by 12 conjugated
rings and a curved architecture is studied in detail. The combined
experimental and computational investigation reveals that the lowest
excited state has charge-transfer character in spite of the absence of
any peripheral electron-withdrawing groups. The exceptionally
electron-rich core comprised of two fused pyrrole rings is responsible
for it. The observed strong solvatofluorochromism is related to
symmetry breaking occurring in the emitting excited state, leading to
a significant dipole moment (13.5 D) in the relaxed excited state. The
anomalously small fluorescence anisotropy of this molecule,
qualitatively different from what is observed in standard quadrupolar
dyes, is explained as due to the presence of excited states being close
in energy but having different polarization directions.

Introduction

Pyrrolo[3,2-b]pyrroles have recently been reported as extremely
interesting materials for molecular electronics, photonics and
photovoltaics.? Despite their young age, these dyes have
already been applied in research related to organic light-emitting
diodes,"! resistive memory devices, bulk heterojunction organic
solar cells,®! aggregation-induced emission,® photochromic
analysis of halocarbons,”! MOFs 8l and dye-sensitized solar
cells.®! Their electronic absorption spectra are insensitive to
solvent polarity, in line with a centrosymmetric structure. On the
opposite, their fluorescence spectra show a pronounced
solvatochromism, despite the absence of electron-donating/
withdrawing groups in the periphery of these structures.
Solvatofluorochromism in centrosymmetric structures is
typical of so-called quadrupolar chromophores, which consist of a
D-m-A-1-D (or A--D-11-A) network of electron donating (D) and
electron withdrawing (A) groups linked through 1r-conjugated
bridges. Their low-energy spectroscopic behavior is governed by
intramolecular charge-transfer (CT) phenomena, promoting
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intense and tunable absorption in the visible range, good electron
transport properties and large nonlinear optical responses.[*0-121

The highly symmetric structure of quadrupolar chromophores
implies negligible permanent dipole moments in the ground state
and non-polar vertical excited states. However, positive
solvatochromic shifts in emission have been reported for many
guadrupolar dyes, indicating the existence of a polar emissive
state.'3-19 Recently, symmetry breaking effects leading to an
asymmetrical distribution of the electronic excitation on the two
molecular arms has been monitored in real time through transient
spectroscopy.20-271

Solvatochromic effects in quadrupolar chromophores were
naturally rationalized by essential-state models, as related to
charge instabilities of either the ground or the excited state.®l In
chromophores with weak D and A groups (class | chromophores),
where the ground state has a small degree of charge transfer, i.e.
the quadrupolar moment is small, the first excited state is bistable:
the vertical excited state reached upon absorption, characterized
by a symmetric charge distribution, relaxes in a broken-symmetry
structure, conferring a dipolar character to the relaxed excited
state responsible for fluorescence.

The pyrrolo[3,2-b]pyrrole (PP), being an electron rich
heterocyclic unit,>2°3% pehaves as an energy donor moiety in A-
m-D-1-A-type chromophores, when coupled to strong electron
withdrawing moieties like cyano,’?324 nitro®%2 and carbonyl
groups.3 PP-derivative 1 (Figure 1) has a qualitatively different
structure from previously investigated PP-based quadrupolar
dyes. Its butterfly-shaped architecture is obtained via the
expansion of the Tr-structure of the PP core with large peripheral
‘wings’, for a total of 12 fused aromatic rings. Steric hindrance
between the hydrogen atoms on opposite sides of the wings
prevents this system from planarity, forcing it in a double helical
conformation.”! Two conformational isomers of 1 were found in
the crystalline phase: a folded meso diastereoisomer (belonging
to the C; point group) and a helical twisted form of C, symmetry,
existing in the (P,P) and (M,M) enantiomers (Figure 1, right). The
isomers could not be distinguished in solution because of low
interconversion energy barrier (56.0 kJ mol?) and fast
interconversion rate.?

The solvatochromic behaviour of fluorescence spectra of 1
suggests the occurrence of excited-state symmetry breaking, as
typical of class | quadrupolar dyes.?® The observation of the
behaviour typical of class | quadrupolar dyes in a system with a
markedly different architecture, lacking well-identified A groups,
inspired further experimental and theoretical investigation of 1.
Interestingly, we found that its fluorescence anisotropy
significantly differs from what is commonly observed in
guadrupolar dyes, pointing to a more complex electronic structure.
A detailed TDDFT study allowed us rationalize the results and
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unravel the quadrupolar nature of the chromophore. Based on
these data, we then addressed essential-state modelling of 1 as
a A-1r-D-11-A quadrupolar dye, further supporting this hypothesis.

With the growing number of unprecedented curved aza-
nanographenes published within the last 5 years,3*-39 this study
offers both general understanding of their optical behaviour and
guidelines for design of solvatofluorochromic dyes possessing

large fluorescence quantum yield across the solvent polarity scale.
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Figure 1. Molecular structure of 1 (left) and sketch of its conformational isomers
(right, for clarity t-butyl groups are substituted with hydrogen atoms).

Results and Discussion

Spectroscopic data

Absorption of 1 occurs over a broad spectral range in the UV
region, with a less intense band in the blue, and is barely affected
by solvent polarity. The oscillator strength associated to the
lowest-energy absorption band amounts to ~0.3, corresponding
to a transition dipole moment of ~6 D. The emission band is
largely solvatochromic, and redshifts from 451 nm in cyclohexane
to 505 nm in dimethyl sulfoxide (DMSO). The fluorescence
guantum yield increases from 17% to 32% from toluene to DMSO,
with lifetimes ranging from 16.8 to 18.9 ns.?l From the Weisskopf-
Wigner equation for the radiative decay rate 78 the transition
dipole moment associated with emission is estimated to amount
to ~3 D, quite independently of the solvent. This transition dipole
moment, considerably smaller than the transition dipole moment
estimated for the lowest energy absorption band, gives a first hint
about the non-correspondence of the absorbing and emitting
states.

To better investigate this intriguing phenomenon, as well as
the origin of the quadrupolar-like emission solvatochromism of
dye 1, we measured its fluorescence anisotropy, retrieving
information on the polarization of the excited states accessed in

absorption relative to the polarization of the emissive excited state.

Upon excitation with polarized light, the emission from many
samples is in turn polarized. The extent of polarization of the
emission is measured as anisotropy.®¥ Typically, the sample is
irradiated with linearly polarized light and the intensity of the
emitted light is detected through a polarizer oriented in the same
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direction as the excitation light (I;) and in the perpendicular
direction (I,). Fluorescence anisotropy 7 is defined as:[(%4%

_ Alitlh 1)

T2l

For randomly distributed molecules in solution, the maximum
anisotropy value that can be obtained is the so-called
fundamental anisotropy r, that is related to the angle a between
the absorption and the emission dipole moments of the
fluorophore: 340

Ty = 2 (3 cos? 0(—1) (2)

5 2

In absence of trivial depolarization effects, such as rotation of the
fluorophore during the excited-state lifetime, the measured
r value is close to r,, offering the possibility to estimate the
relative orientation of the transition dipole moments of absorption
and fluorescence transitions.

In this work, fluorescence anisotropy of 1 was measured in
undercooled solvents of different polarity, namely non-polar
methylcyclohexane (MeChx) and mildly  polar 2-
methyltetrahydrofuran (2-MeTHF), as well as in a viscous solvent
(polytetrahydrofuran, pTHF) at room temperature (Figure 2). In all
cases, the rotational motion of the solute is slow compared to
fluorescence lifetime, preventing rotational depolarization, thus
ensuring r = ry. Liquid and glassy solvents behave in a different
way: the solvation sphere formed by a liquid solvent readjusts in
response to the solute excitation, while in glassy solvents it is
blocked in the configuration equilibrated with the ground-state
solute.

Fluorescence excitation spectra of 1 in Figure 2 nicely match
absorption spectra,? showing two groups of closely spaced
signals, one in the 300-350 nm region, with a sharp peak at ~350
nm, and another beyond 400 nm, with a maximum at ~430 nm.
Vibronically resolved emission spectra are obtained in frozen
solvents with maximum intensity at 450 nm. In polar pTHF solvent
the vibronic structure is smeared out as a result of
inhomogeneous broadening.

Excitation anisotropy (i.e. anisotropy measured at fixed
emission wavelength while scanning on the excitation
wavelength) smoothly increases from O for excitation at ~430 nm
to ~0.1 at ~300 nm, following the same trend in all the
experimental conditions. In glassy solvents, when detecting at the
emission wavelength of the 0-0 vibronic line (450 nm), r spans a
large range of values between -0.1 and 0.2 in MeChx and 2-
MeTHF (red symbols in Figure 2). For excitation wavelength >
430 nm, anisotropy increases abruptly approaching ~0.25 at the
limit of the experimental window, corresponding to a weak tail in
the excitation spectrum, that overlaps with the emission band.
Similar results, with r approaching large values in the A > 430 nm
region, are consistently obtained also upon detection at different
emission wavelength.

These data can be interpreted as follows. Vertical excitation
brings the molecule to one of its optically allowed excited states.
The absorption transition dipole moment depends on the state
reached upon excitation, which is dictated by the wavelength of
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the incoming light and by selection rules. From the vertical excited
state, population relaxes on a sub-picosecond timescale towards
the lowest excited state through internal conversion (Kasha rule)
before radiative emission. Because of fast internal conversion, the
emissive state is always the lowest-lying excited state (Si),
therefore the emission dipole moment is the same, irrespectively
of the excitation wavelength. When the system is directly excited
to the first excited state S;, absorption and emission involve the
very same state, and we expect a = 0, and hence, according to
Eq. 2, r = 0.4. This trivial result is common to most of the
chromophores: excitation anisotropy amounts to ~0.4 in the
excitation wavelength region corresponding to the S¢>S:
transition. In this respect, the behaviour of 1 is anomalous. The
excitation anisotropy is in fact close to zero at the frequency of the
maximum of the lowest-energy absorption band (~430 nm),
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suggesting an angle a close to the magic angle 54.7°. This value
indicates that the excited state responsible for the lowest-energy
absorption band with a sizable intensity is not the same state
responsible for emission. The sharp rise of r in the red edge of
the excitation spectrum suggests instead that another lower-lying
excited state is present in this region, characterized by a different
polarization (a ~ 30° or an angle with the same squared cosine)
and a much lower oscillator strength. Moreover, in glassy solvents,
where solvent relaxation is hampered, the emission spectrum
overlaps with the long-wavelength absorption tail. We therefore
conclude that S; state, i.e. the state responsible for emission, is a
weakly absorbing state located in the red tail of the lowest-energy
absorption band. Computational studies described in the following
section fully support this hypothesis.
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Figure 2. Fluorescence excitation anisotropy (dots) of 1 in different solvents: glassy methylcyclohexane (MeChx) at 77 K, glassy 2-methyltetrahydrofuran (2-MeTHF)
at 77 K and liquid polytetrahydrofuran (pTHF) at room temperature. Anisotropies were collected detecting at different emission wavelengths, reported in the legends
(in nm). Excitation and emission spectra collected under the same experimental conditions (continuous and dashed lines, respectively) are reported to guide the

eye.

Table 1. TDDFT results on 1 obtained in gas phase and DMSO at B3LYP/6-31+G(d,p) level. Transition energies E, transition wavelengths A, oscillator strengths f,
squared transition dipole moments w2 and their components (referring to the Cartesian axes in Figure 1), main excitations involved. For the first three excited states,

energies in italic were computed with state-specific corrections.

E (eV) A (nm) f px (D) py (D) Mz (D) ¥ (D?) Type (>20%)
Gasphase S 2.841 436.4 0.0065 - - 0.778 0.606 H—L+1 (98%)
Sz 2.843 436.1 0.0546 -0.244 -2.236 - 5.058 H—L (87%)
Ss 3.000 413.4 0.2508 -4.422 1572 - 22.021 H—L+2 (79%)
Sa 3.393 365.4 0.0017 - - 0.359 0.129 H-1-L+1 (82%)
Ss 3.465 357.9 0.3744 -5.324 -0.339 - 28.456 H-1—L (79%)
DMSO S 2.871 431.9 0.0094 - - -0.928 0.861 H—oL+1 (98%)
2673 463.8
Sz 2.872 431.6 0.0921 -0.385 -2.881 - 8.445 H—L (84%)
2673 463.8
S3 2.974 416.8 0.4101 -5.687 1.990 - 36.306 H—L+2 (78%)
3.010 411.9
Ss 3.412 363.4 0.0026 - - 0.451 0.204 H-1-L+1 (79%)
Ss 3.457 358.6 0.5466 6.379 0.966 - 41.628 H-1—-L (84%)

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

TDDFT results

We exploit density functional theory (DFT) and its time-dependent
(TDDFT) extension#4 to explore ground and excited-state
properties of 1. Polar solvation cooperates with symmetry
breaking in stabilizing the relaxed dipolar state,”® therefore
implementation of solvation effects is fundamental to rationalize
spectral properties. We adopt an implicit treatment of the solvent
as provided by the Polarizable Continuum Model (PCM).*5#7 To
stress the effect of polar solvation, we present results obtained in

dimethyl sulfoxide (DMSO), a strongly polar solvent (€pmso = 46.7).

DFT geometry optimizations were performed on the two
conformational isomers of 1 (twisted and folded) recognized in
crystallographic studies, adopting Becke, 3-parameters, Lee-

Yang-Parr hybrid functional (B3LYP)"® and 6-31+G(d,p) basis set.

To reduce the computational cost, t-butyl groups were substituted
with hydrogen atoms, with marginal effects on calculated spectral
properties. The folded form was found to be less stable than the
twisted form, the energy difference between the conformers
amounting to 9.9 kJ mol! in DMSO, in agreement with previously
published data.l? Accordingly, at equilibrium, the twisted form is
largely favoured over the folded form and dominates the
spectroscopic behaviour of 1. Therefore, in the following we will
just discuss the twisted enantiomer, namely the (P,P) form. For
the sake of completeness, results on the folded form are provided
as Supporting Information.
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Figure 3. Frontier molecular orbitals of 1 in the ground state geometry (top) and
S: optimized geometry (bottom) computed in DMSO at B3LYP/6-31+G(d,p)
level (isovalue of the contour plots: 0.02).

TDDFT results for the five lowest-energy electronic transitions
of 1 are collected in Table 1. Two transitions with high oscillator
strength are found in the gas phase, So>S; and S Ss, located
at 413.4 nm (3.0 eV) and 357.9 nm (3.4 eV), respectively. Two
closely spaced weakly allowed transitions are found at lower
energy, ~436 nm (2.8 eV), one polarized along the C, molecular
axis and the other lying in the perpendicular xy plane.

Analogous results were obtained in DMSO, where the So—>S3
and Sy~ Ss transitions (416.8 and 358.6 nm, respectively) have
large oscillator strengths, while low-lying Se=>S;: and So2>S;
transitions (~432 nm) have much lower oscillator strengths.
Inspection of the molecular orbitals involved in the transitions
(Figure 3, top) offers a visualization of the molecular substructures
involved in the excitation process. Occupied orbitals HOMO and
HOMO-1 extend over the entire conjugated backbone, with
sizable electronic density residing on the PP core. LUMO is
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mainly localized in the molecular wings, only marginally involving
the PP rings. LUMO+1 extends at the periphery of the expanded
structure only, with nodes in the central region. So>S; has an
almost pure HOMO->LUMO+1 character, and S S, coincides
with the HOMO->LUMO transition. In both cases, the excitation
implies a charge migration from the molecular core to the
peripheral wings, suggesting a partial CT character. On the
opposite, Sg>S3, mainly a HOMO->LUMO+2, involves a charge
redistribution over the entire molecule and has not an explicit CT
character. Energies of So>S; and So>S; are red-shifted by ~32
nm (0.2 eV) when adopting the state-specific solvation
approach,”?! in agreement with their CT nature. The energy of
So>Ss is instead barely affected by state-specific solvation, as
typical for localized transitions.

The description of excited states of 1 offered by TDDFT
agrees well with experimental data. Specifically, So=>S3; matches
with the experimental absorption at 427 nm (with an error less
than 0.1 eV), while So>Ss compares well with the intense
experimental absorption peak at 360 nm. The fact that other
electronic transitions are found below Sy>S; suggests that
emission comes from a lower-energy CT state (either S; or S,),
whose absorption, with lower intensity, overlaps the red-edge tail
of the So=>S; peak. This is consistent with the apparent Stokes
shift observed in frozen solvents.

Failure of B3LYP functional in the description of CT states is
however a well-known problem. Specifically, low-lying dark CT
states are sometimes obtained as an artefact of the
functional.5°54 Therefore we repeated the calculations in DMSO
using the hybrid exchange-correlation functional CAM-B3LYP.[52
Relevant results are reported as Supporting Information (Table
S1). CAM-B3LYP performs much worse than B3LYP: main
transitions are predicted at 363 nm (3.41 eV) and 309 nm (4.02
eV), i.e. blue-shifted from experiment with an error amounting to
more than 65 nm (0.5 eV) for the first absorption band and 50 nm
(0.6 eV) for the second band. When accounting for state-specific
corrections, the three lowest-energy transitions are close in
energy (within 0.15 eV or less according to state-specific),
stressing that in this spectral region the spectroscopy of 1 is
governed by the interplay between these three transitions, in
agreement with B3LYP results. For these reasons, in the following
we limit our analysis to B3LYP results.

Figure 4. Geometry of 1 in the relaxed Si state (H atoms omitted) with the atom
numbering used in the definition of geometrical parameters in Table 2 and the
colour code for the definition of the regions in Table 3: left (light blue), centre
(orange), right (green).
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The first excited state of 1 was optimized in DMSO. The S;
minimum was found 255.0 kJ mol?! (2.64 eV) higher than the
ground state, with the geometry sketched in Figure 4. Bond
lengths and angles are not significantly affected by relaxation.
Indeed, the main geometrical distortions involve the deformation
of the molecular core, with effects on the dihedral angles,
especially in the junction region between the PP core and the
lateral wings (Table 2). Variations of the dihedrals up to 6.5° were
found. These variations are small, nonetheless they are
significant, particularly in view of the fused and hence intrinsically
rigid structure of the molecule of interest. At the S; minimum,
dihedral angles are no more equivalent by C, rotation, suggesting
a broken-symmetry structure. Prominent effects of symmetry
breaking are indeed found on molecular orbitals (Figure 3,
bottom). While occupied orbitals are basically the same as for the
ground state, LUMO and LUMO+1 are strongly distorted in Sy,
and are distributed mostly on one of the two wings. Thus, upon
relaxation, the excitation localizes on one of the two molecular
wings, and C,-symmetry is broken. This has a large impact on the
dipole moment of the molecule. According to our calculations, 1
in the ground state has a residual permanent dipole moment of
0.79 D aligned along the C; axis (z), that becomes 0.61 D in the
vertical (unrelaxed) S; state. In the relaxed broken-symmetry S;
state, the molecular dipole moment becomes fairly large (13.5 D),
with sizable components in the xy plane. This highly dipolar state
is stabilized in polar solvents, explaining the observed large and
positive solvatochromism of fluorescence.

Table 2. Geometrical parameters (dihedral angles involving atoms of the PP
core) of 1 computed in DMSO (B3LYP/6-31+G(d,p)) in the ground state So and
the first excited state S1 optimized structures. Dihedrals are grouped in pairs for
equivalency by rotation around the C: axis.
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equally shared by the molecular wings. Upon vertical excitation to
S; (2" column), the charge on the central PP becomes more
positive, and the charge on the left and right wings becomes more
negative, indicating a symmetrical CT from the centre to the
peripheral regions of the molecule. For the relaxed geometry
relevant to S; (3 and 4" columns), we find an asymmetric charge
distribution over the molecule: for the excited state S,, the
charges residing on the left and right wings are very different,
signalling symmetry breaking in the relaxed excited state.

We conclude that, in spite of its structure with T-conjugation
extending in 2D, 1 behaves like a quadrupolar chromophore with
a broken-symmetry relaxed excited state. A basic A-m-D-11-A
structure can be recognized as well, where the PP plays the role
of the electron donor and the expanded wings act as electron
acceptors.

Emission of 1 in DMSO is predicted at 511.6 nm (2.42 eV)
with linear response solvation, and compares well with
experimental data (505 nm, 2.45 eV), whereas state-specific
solvation locates emission at higher energy (2.65 eV, 468 nm).
Emission involves mainly a HOMO < LUMO transition (98%) and
has a significant oscillator strength (0.167), suggesting that
fluorescence is an allowed process, in agreement with the
measured high quantum vyield. The corresponding transition
dipole moment amounts to 4 D, in very good agreement with the
3 D estimate obtained above from the experimental values of the
fluorescence quantum yield lifetime.

Table 3. Charge distribution of 1 obtained from Hirshfeld charge analysis(®?.
Regions are defined according to the colour code in Figure 4.

So geometry

S1 geometry

dihedral So (°) S1(°)
N1-C5-C8-C44 7.09 1.59
N6-C4-C3-C39 7.09 0.92
C9-N1-C5-C8 35.65 40.91
C10-N6-C4-C3 35.65 39.74
C2-N1-C5-C8 -162.64 -156.80
C7-N6-C4-C3 -162.64 -156.21
C18-C9-N1-C5 2.36 1.88
C23-C10-N6-C4 2.36 1.71
C5-C8-C44-C43 2.89 5.64
C4-C3-C39-C38 2.89 6.79
N1-C5-C4-N6 177.56 178.85
C3-C4-C5-C8 163.77 158.51

To gain more information on the nature of the states, we
partitioned the molecule in three regions, corresponding to the PP
core and to the two wings, as shown in Figure 4. While this
partitioning is somewhat arbitrary, the charge distribution in the
three fragments, reported in Table 3, is interesting. In the ground
state (1%t column) a small positive charge resides on the PP, being
a weak electron donor, while the balancing negative charge is

So S1 So S1

centre 0.0361 0.1883 0.0327 0.1930

left -0.0180 -0.0941 | -0.0120 -0.3962

right -0.0180 -0.0941 | -0.0206 0.2032

To address excitation anisotropy we focused attention on the
three electronic states responsible for the low-energy absorption
features (Figure 5). According to the Kasha rule, we assume that
emission always occurs from the S; relaxed state. Absorption
from Sy to S; is polarized along the C; axis, while emission from
relaxed S; to Sy, thanks to the helical nature of the chromophore
and symmetry breaking effects, is almost aligned with one
molecular wing. The resulting angle between the corresponding
transition dipoles amounts to approximately 77°, that according to
eqg. 2 corresponds to a negative anisotropy (r ~ -0.17). The
transition dipole for the So=> S transition forms an angle of about
28° with the emission dipole, giving a large and positive r (0.27).
Finally, the angle between emission and Sy~ Ss dipole moments
is about 126°, yielding an anisotropy value close to zero.

These results compare well with experimental data. Indeed
anisotropy is an additive quantity, so that the measured
anisotropy at any wavelength, (1), is given by:
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r() = ZiLi i (3)

where f;(4) is the fractional contribution of the i-th transition to the
total absorption at A, r; is the corresponding limiting anisotropy
and the sum is extended over the N excited states of the
fluorophore.[39

In order to quantitatively apply eq. (3), the absorption
spectrum has to be known. First principle calculation of the
vibronic structure of the absorption spectra of 1 is beyond the aim
of the present work, however we can make some interesting
considerations. The three transitions considered in Figure 5 are
confined in a very narrow (< 0.2 eV wide) spectral window,
therefore we expect that homogeneous and inhomogeneous
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broadening effects lead to a strong overlap of the corresponding
bands, each one contributing to the total intensity with a different
weight, proportional to the oscillator strength. The absorption
band at ~430 nm has a large contribution from the S¢>S;
transition, therefore we expect r ~ 0.006 in proximity of the
maximum of the absorption spectrum. So>S; lies at lower energy,
forming a weak tail in the red-side of the absorption band, where
the contribution of the S,>S; transition drops down: the
anisotropy is expected to increase abruptly to the value relevant
to the S, state (r > 0.2). The Sp—>S; transition is expected nearby,
with a negative r, however its oscillator strength is too low to give
an appreciable contribution.

Abs Se— S Abs: So— 82 Abs: So— S;
Fluo: St — Sa Fluo: §: — So Fluo: S: — So
abs
A
5 abs s
1 « 7
o~ abs flwo
e fuwo
a~T7° a-~28 a~ 126°
r=-017 r=027 r=10.006

Figure 5. Absorption and emission dipole moments (represented for convenience as vectors) of 1 computed in DMSO at B3LYP/6-31+G(d,p) level. Emission is
assumed always from Si, while absorption has been considered for the three lowest transitions. The calculated angle a between absorption and emission dipole

moments and the expected value of anisotropy r are shown on the panels.

Essential-State modelling

Essential-state models (ESMs) provide a simple and physically
sound description of CT chromophores®-5¢ and their
aggregates,’®-% and were effective in rationalizing the different
propensity to symmetry breaking of various families of
quadrupolar and octupolar dyes.[?86263 ESMs describe each dye
in terms of a minimal set of basis states, corresponding to the
main resonating structures. The complex absorption spectrum of
1, with at least three electronic states responsible for the observed
visible spectrum, is well beyond any few-state model and we will
not attempt to reproduce it in detail. However, taking TDDFT
results as a reference, we define a minimal model for 1, described
as a A-r-D-11-A dye.

Three resonating structures, DAD, D*A'D and DA'D* (see also
Fig. 6), represent the minimum basis for quadrupolar dyes."?8 Two
parameters enter the Hamiltonian, 2z, measuring the energy
difference between the neutral DAD and the two degenerate
zwitterionic states, D*A'D and DA'D*, and —/2t, quantifying the
probability of electron transfer from the donor to either one of the
two acceptor sites. Accounting for symmetry, the two degenerate
zwitterionic states are combined in a symmetric, |Z,), and an
antisymmetric combination, |Z_). The symmetric states |N) and
|Z,) are mixed to give the ground state |g) and the second
excited state |e). The first excited state, |c), coincides with |Z_).

Thus, we expect two CT transitions, |g) — |c¢) and |g) — |e), with
energies Eg;. and Eg respectively. For linear systems, as
depicted in Figure 6, strict selection rules apply and only the |g) —
|c) transition is allowed in absorption. Transition energies are:?®l

Eye = 2t /%" ()

1
E,. =2t
ge p(1-p)

®)

where p measures the weight of |Z,) in the ground state, and
hence the quadrupolar character of the chromophore. It is related
to model parameters as follows:

p=i-) ©

The electronic model can be extended to include
intramolecular vibrations,?8%4 allowing to address symmetry
breaking and vibronic effects. Two mutually decoupled effective
vibrational coordinates with harmonic frequency w, and
vibrational relaxation energy ¢, are introduced to account for
nuclear relaxation along each molecular arm. These coordinates
can be symmetry adapted in a totally-symmetric (Q.) and an
antisymmetric (Q.) vibration, the last one being the coordinate
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accounting for symmetry breaking effects. In particular,
quadrupolar dyes can be classified according to the p value.?8¢3l
Chromophores with low quadrupolar moment (p < ~0.2) belong
to class I: they have a stable ground state and are prone to
symmetry breaking in the first excited state. For large p (p - 1),
we have typical class Ill chromophores, where symmetry breaking
affects the ground state. For intermediate p (class Il) no charge
instabilities are expected, and all states are non-dipolar.

Dye 1 has a large conjugated structure and in the twisted form
it lacks the inversion centre. Accordingly, several electronic states
with different polarization directions are accessible upon visible
light absorption. Our TDDFT analysis suggests that So=>S; and
So>S», have a CT character, making these states suitable for an
ESM description.

The TDDFT energies of Sg>S: and So=>S: (gas phase
values) give an estimate for E;. and E,,, respectively. |c) and |e)
states (corresponding to S; and S;) are very close in energy,
suggesting a small mixing between [N) and |Z,), i.e. a small t
value. Indeed, eqgn. (4) and (5) yieldt =0.03eVand p ~ 6-107%,
safely locating 1 in class I. The symmetry-allowed g—>c transition
is expected to have very low intensity, being proportional to p.

The parameters w, and &, were extracted from experimental
emission spectra. Specifically, w, was set to reproduce the
vibrational spacing observed in cyclohexane, while ¢, allowed to
reproduce the vibronic progression. Spectra are obtained
assigning to each transition a Gaussian shape with half-width at
half maximum y.

:  e-oe eoo |
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Figure 6. Essential-state modelling of 1. Top: the three-state model for a
quadrupolar A-r-D-11-A chromophore. Sketch of the diabatic states (left) (blue:
electron donor, red: electron acceptor) and adiabatic states (right). Bottom:
calculated CT absorption (left) and emission (right) spectra of 1 in solvents of
different polarity. Parameters are given in Table 4, ¢, reported in the legend (in
eV) is adjusted to reproduce emission spectra in various solvents reported in
Ref? (black: cyclohexane, red: toluene, green: tetrahydrofuran, blue:
dimethylsulfoxide).
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Table 4. Model parameters for 1.
z (eV) V2t (eV) w, (eV) & (eV) y (V)
1.42 0.04 0.16 0.10 0.05

In polar solvents, additional effects arise from the interaction
between the electronic degrees of freedom of the solute and the
slow orientational motion of the solvent molecules.®® These
effects are introduced in the model in a reaction field approach,
where the solvent is treated as a continuum dielectric
medium. 2854558681 A single solvent-dependent parameter related
to the solvent restoring force, the solvation relaxation energy ¢,,,
accounts for solvent polarity, while all other model parameters are
solvent-independent and are kept fixed.

Spectra of 1 in solution, only relevant to the CT transitions
(Figure 6, bottom), were calculated with the parameter set
reported in Table 4. The absorption maximum is not affected by
the solvent polarity and only inhomogeneous broadening effects
take place in polar solvents. Direct comparison of experimental
and calculated absorption spectra is hindered by the fact that the
|g) — |c) transition overlaps with the much more intense So>S3
not included in the ESM. The transition dipole moment associated
to this transition is expected to be extremely small if compared to
the transition dipole of Sy>Ss. The comparison between
experimental and calculated emission spectra is instead possible
and gives an impressive agreement. The emission band red-shifts
with increasing solvent polarity (&,,), in quantitative agreement
with experiment. Moreover, the vibrational structure is well
resolved in cyclohexane, while it progressively blurs upon
increasing  solvent polarity, in line with the experimental
behaviour.

Discussion and Conclusions

In this work we explored the photophysics of a heterocyclic
nanographene with butterfly shape, obtained by expanding the -
structure of the electron rich pyrrolo[3,2-b]pyrrole moiety. The
exceptional electron-richness of this heterocyclic core induces
significant charge polarization in spite of the lack of electron-
withdrawing groups at the periphery. The expanded architecture
as well as the curved geometry are responsible for a peculiar
electronic structure, promoting interesting spectroscopic effects.
Despite the highly symmetric structure, a well-pronounced
emission solvatochromism is observed, typical of charge-transfer
transitions, as observed in prototypical centrosymmetric
guadrupolar chromophores undergoing symmetry breaking in
their excited state. However, the fluorescence emission is almost
depolarized upon excitation inside the lowest-energy absorption
band, suggesting a much more complex excited-state scenario
with respect to standard quadrupolar dyes. Another peculiar
characteristic of dye 1 is the fact that its fluorescence quantum
yield does not decrease in polar solvents.

Theoretical analysis unravelled the phenomena responsible
for this intriguing spectroscopic behaviour, leading to a coherent
rationalization of experimental data. Two complementary
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theoretical frameworks, TDDFT and essential-state modelling,
were adopted in a synergistic approach, revealing that, in spite of
its unique structure, the target chromophore possesses an
underlying quadrupolar character, where the electron rich
pyrrolo[3,2-b]pyrrole acts as electron donor towards the weak
electron withdrawing wings. The chromophore undergoes
symmetry breaking in its first excited state, identifying it as a class
| quadrupolar dye. On the other hand, the presence of several
localized excited states lying close in energy makes the scenario
more complex than in prototypical quadrupolar dyes. In fact,
mainly due to the curved and twisted structure of PP, the close-
lying excited states have different polarization orientations, with
major effects observed in fluorescence anisotropy and in the
intensity of the emission transition. Namely, the electronic
transitions recognizable in the absorption spectrum are localized
transitions, characterized by large oscillator strengths. The low-
lying charge-transfer state is not observed in the absorption
spectrum because of its very low oscillator strength. However, this
very weakly allowed lowest-energy excited state is responsible for
the observed fluorescence with sizable intensity. Fluorescence
anisotropy measurements nicely confirm this scenario:
fluorescence anisotropy is very low when exciting at the maximum
of the lowest-energy absorption band (i.e. when populating a
localized excited state), while it approaches the highest limiting
value when exciting in the reddest tail of the absorption spectrum,
where the charge-transfer state directly absorbs. The computed
transition dipole moment from the relaxed charge-transfer state to
the ground state is in good agreement with the one estimated from
the experimental quantum yield and lifetime. In particular, this
transition dipole moment is sizable (on the order of 4 D), high
enough to guarantee a good fluorescence quantum yield, quite
independently of the solvent. The fact that the charge-transfer
transition is not recognizable in the absorption spectrum but
originates an intense emission spectrum is not surprising: in the
absorption spectrum, this transition is hidden underneath other
more intense, close-lying localized transitions; on the other hand,
fluorescence only stems from the lowest-energy excited state (in
agreement with the Kasha rule), so that no competition arises.
Moreover, the presence of intense localized excitations very close
in energy to the charge-transfer state can induce a mixing of these
types of states, the CT state borrowing intensity from the localized
states.

These results open a more general perspective in the design
of heterocyclic nanographenes, pointing to a complex and quite
unique excited-state scenario, where a quadrupolar-like
electronic structure (originating the typical
solvatofluorochromism) overlaps with localized excited states
characterized by different polarizations. In this respect
fluorescence anisotropy is a powerful technique to identify and
locate the excited states and recognizing their nature. The use of
suitable and complementary theoretical tools, together with a
careful spectroscopic characterization, is essential to relate the
photophysical properties of complex systems to their inherent
electronic structure, electron-phonon coupling and medium
effects.

10.1002/chem.201902554

WILEY-VCH

Experimental Section

Synthesis of 1 was reported in Refl2. Anisotropy measurements of 1 were
performed both in undercooled solvents (methylcyclohexane and 2-
methyltetrahydrofuran) and in a viscous solvent at room temperature
(polytetrahydrofuran, pTHF). Anisotropy was measured on diluted (~ 10
mol L) freshly prepared air-equilibrated solutions. All solvents were
spectroscopic grade. pTHF was used as received while, to remove traces
of moisture, solvents for low-temperature measurements were used after
overnight storage on molecular sieves (0.3 nm) and filtered before use.
Spectra and anisotropies were collected with a Fluoromax-3 Horiba Jobin-
Yvon fluorometer (single channel, L-format). 2-MeTHF solutions were
cooled down to 77 K at a speed of ~20 °C/min in an OptistatDN (Oxford
Instruments) liquid nitrogen cryostat, using Helium as the exchange gas.
MeChx solutions, contained in quartz tubes, were vitrified by direct
immersion in a quartz transparent dewar filled with liquid nitrogen. This
method allowed to avoid sample crystallization and to obtain clear glasses.

Computational Details

Ground state optimizations were performed at DFT level, while excited
state properties were computed with is time dependent (TDDFT) extension.
All calculations were performed with Gaussian16 packagel®”l. B3LYP and
CAM-B3LYP functionals were adopted for ground state and single point
TDDFT calculations, while excited state optimizations were performed with
B3LYP only. Results shown were obtained with 6-31+G(d,p) basis set,
including diffuse and polarization functions. Stationary points were
characterized by frequency analysis. Solvation effects in DMSO were
accounted for in the framework of the Polarizable Continuum Model (PCM).
Optimization steps were performed adopting the standard equilibrium
solvation, and transition energies were calculated with standard linear
response (LR) approach, unless some cases where also state-specific
(SS) corrections were computed, as implemented in Gaussian1646:49],
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