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Aggregation-induced emission leading to two
distinct emissive species in the solid-state
structure of high-dipole organic chromophoresf
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The concept of aggregation-induced emission represents a means to rationalise photoluminescence of
usually nonfluorescent excimers in solid-state materials. In this publication, we study the photophysical
properties of selected diaminodicyanoquinone (DADQ) derivatives in the solid state using a combined
approach of experiment and theory. DADQs are a class of high-dipole organic chromophores promising
for applications in non-linear optics and light-harvesting devices. Among the compounds investigated,
we find both aggregation-induced emission and aggregation-caused quenching effects rationalised by
calculated energy transfer rates. Analysis of fluorescence spectra and lifetime measurements provide the
interesting result that (at least) two emissive species seem to contribute to the photophysical properties
of DADQs. The main emission peak is notably broadened in the long-wavelength limit and exhibits a
blue-shifted shoulder. We employ high-level quantum-chemical methods to validate a molecular
approach to a solid-state problem and show that the complex emission features of DADQs can be
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Introduction

Understanding the mechanisms and intricacies related to the
optical properties of solid-state materials opens the door towards
applications in optoelectronic devices,” photosensors,”> and
bioimaging®® and is therefore of broad interest for chemists,
physicists, and material scientists alike. Notably, significant
advances have been made in the field of luminescent organic
solid-state materials.”™® One major drawback encountered in
solid-state structures is so-called aggregation-caused quenching
(ACQ) of emission promoted by close molecular packing within a
crystal often leading to severe reduction of fluorescence quantum
yields (QYs)."**® Probably the most prominent quenching mecha-
nism in organic crystals involves energy transfer mediated
through n-n-stacking in excimers. Quenching mechanisms
include Forster resonance energy transfer (FRET) and the short-
range Dexter process.'”?® While the former depends on the
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attributed to a combination of H-type aggregates, monomers, and crystal structure defects.

potentially far-reaching (>10 A) interaction of molecular (transi-
tion) dipoles, decaying with an R ® dependence, the latter is
determined by wavefunction overlap which decays much quicker
with an exponential dependence on distance. Without the need
for resource-demanding high-level quantum-chemical methods,
Radhakrishnan and co-workers have developed and successfully
applied a model based on the relative orientation and assembly of
isolated diaminodicyanoquinones (DADQs) in the solid state to
estimate Forster™ and Dexter*® energy transfer rates and rationa-
lise fluorescence QY trends.**

In contrast to ACQ, solid-state materials may also experience
QY enhancement due to close molecular packing. In 2001, Luo
et al.>>* introduced the concept of aggregation-induced emis-
sion (AIE) presenting a silole compound which for the first time
showed improved QYs upon aggregation in solution. Most
commonly, the AIE phenomenon can be attributed to intra-
molecular torsion-induced emission quenching. Seminal works
on this field have been conducted by Gierschner, Park, and
others.>*”” It is, furthermore, didactically meaningful to differ-
entiate AIE from related phenomena such as aggregation-
induced emission enhancement (AIEE),”® which describes an
increase in fluorescence quantum yields in the solid of already
emissive materials in solution. The discovery of AIE lumino-
gens sparked a rapid increase in interest in this topic and many
systems were introduced exploiting the AIE idea.”*!
Approaches to enhance emission in the solid state include
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the design of materials based on J-aggregates®® and embedded or
isolated dimers, which may show diminished non-radiative decay
rates due to the rigidity of their microscopic environment.

In this account, we examine the optical properties of
selected solid-state DADQ derivatives. DADQs are a class of
organic compounds promising for application in non-linear
optics and light-harvesting devices due to their large dipole
moments, redox activity, and fluorescence properties. We study
four C, symmetric DADQ derivatives using a combination of
fluorescence experiments and state-of-the-art quantum-
chemical approaches. Due to an interplay of AIE and ACQ
effects, a reverse trend between fluorescence QYs in solution
and in the solid state is observed with respect to the substi-
tuents. We show that this can be related to the degree of n-n-
stacking within the crystals which is furthermore supported by
energy transfer rates computed according to the ideas of
Radhakrishnan and co-workers.*?

We present an unexpected correlation between fluorescence
lifetimes and emission wavelengths in solid-state DADQs. Life-
times increase with increasing emission wavelength in a way
that is incompatible with a two-state system and thus provide a
hint for the existence of (at least) one more emissive species.
This observation is closely related to dual emission phenomena
such as the twisted intramolecular charge-transfer and the
interested reader is referred to a recent review by Gierschner
et al.** For two of our compounds, we observe a blue-shifted
shoulder of the main emission peak. Additionally, fluorescence
intensities are still detectable close to 100 nm beyond the main
peak in the long-wavelength region.

We show that instead of computing the optical properties of
entire crystal structures, which would necessitate resource-
draining evaluation of Greens functions or Bethe-Salpeter equa-
tions, a molecular approach based on monomers and dimers
embedded in the crystal is sufficient for a proper theoretical
analysis. Our protocol is based on a combination of QM/MM
(quantum-mechanics/molecular-mechanics) ~calculations and
DFT/MRCI**>?’ (density functional theory/multireference configu-
ration interaction). Finally, we reveal that the main emission peak
can be attributed to monomers, while short-wavelength emission
associated with much shorter lifetimes are caused by H-type
dimers. Lastly, our calculations suggest that long lifetimes mea-
sured at the low-energy end of the spectra can be explained by
crystal defects.

Results and discussion
Synthesis

The synthesis of compounds 1-4 is illustrated in Scheme 1. The
DADQs differ in their amino substituent: 1 for neopentyl, 2 for
methyl, and 3 for para-methylbenzoate. Compound 4 is defined by
a benzene instead of an ethyl bridge between the nitrogen atoms
of the diamino group. All substances were prepared according to
literature by coupling 7-pyrrolidino-7,8,8-tricyanoquinomethane
(PTCNQ) and the respective diamine.***°
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Scheme 1 Synthetic route to DADQ derivatives starting from TCNQ by
reaction with pyrrolidine and subsequent reaction with the respective
primary or secondary diamine. () 0.8 eq. pyrrolidine, 70 °C, 4 hours.
(ii) 1 eq. of the respective diamine, 70 °C, 2—-20 hours. Detailed protocols,
yields and characterisation of the compounds can be found in the ESI.{

QY measurements in solution and in the solid state

Fig. 1 depicts excerpts of the crystal structures either obtained
from X-ray diffraction measurements (1-3) or from a quantum-
chemical solid-state optimisation (4) (see Sections S3 and S6 in
the ESIt for details). QYs in solution (ACN) and in the solid state
are given below the figures. In solution, compound 4 is the only
molecule showing high fluorescence QY (92%). The QY differ-
ences in solution are related to energetic barriers of intra-
molecular rotation around the dihedral angles near the dicyano
and the amino moieties, as we have shown in an earlier
publication.®® Especially rotation of the dicyano moiety provides
a mechanism of fluorescence deactivation. In the solid state, this
rotational mode is obviously immobilised and cannot contribute
to emission quenching (AE; ~ 700 kJ mol ", Fig. S6, ESIY).

Solid-state fluorescence QYs range from 18% for 1 to less than
1% for 4. The QY trend observed in the solid state can be explained
by the degree of nm-m-stacking in the crystal structures. From the
distances listed in Fig. 1, it is clear that there is practically no
effective overlap between the m-systems in 1, while molecules in the
crystal structure of 4 are efficiently stacked. The plane-to-plane
(m-m-stacking) distance decreases quite significantly from 8.3 A in 1
to 3.1 A in 4. To account for the difference between 3 and 4, which
virtually have the same n—n-stacking distance, the centres of mass
(COM) and the centres of the quinone systems (aryl centroids) are
taken into account. As can be deduced from the crystal structures,
these latter distances are much larger in the case of 3. As we will see
later, our observations can be related to energy transfer rates in the
spirit of Forster and Dexter modes (Fig. 5 down below).”"

Dependence of lifetime and emission wavelength

Lifetimes t for selected emission wavelengths A, for com-
pounds 1, 2, and 3 are given in Table 1. A detailed spectroscopic
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Fig. 1 Crystal structure excerpts, QYs in the solid state and in solution (ACN), and selected distances of compounds 1-4. Note that compound 4 was
obtained from a periodic DFT calculation at the PBE-D3(BJ) level (see Section S6.2 in the ESIt). The increasing degree of n—n-overlap from 1 to 4 can be
appreciated from the decreasing n—mn-stacking distance (depicted in green). Hydrogen atoms were omitted for clarity.

analysis of compound 1 is illustrated in Fig. 2 (Fig. S3 and S4
for 2 and 3, respectively, ESIT). As can be seen in Fig. 2a, there is
a strong dependence of t and em, which is in correlation with
the respective emission spectrum (Fig. 2b) and is depicted in
Fig. 2c. From Fermis golden rule it can be shown that in a two-

level system there should be a linear relationship between 7 and

, 2,40
Aem :

-1

302 2 -2 1 2
koot o o’M oL 0 fose € Aem - = T L dem

(1)

with radiative rate constant k, vertical excitation energy w,
transition dipole moment M, and oscillator strength f,.. This
relationship is not recovered in our measurements (Fig. 2d).
Assuming that the peak splitting in the emission spectrum of
compound 1 is not caused by vibronic coupling, we tentatively
conclude, that the observed emission properties arise from at
least two emissive species. These could either be two different
emitting states of the same structure, two different structural
motifs in the same emissive electronic state, or two different
structures in two different states. While the emission spectrum
of compound 1 shows a clear high-energy shoulder, the spectra
of compounds 2 and 3 do not unambiguously display a second
signal. In their case, the t against A,” plots reveal a similar
behaviour as for 1. We note that this is less clear in the case of
compound 2, which we attribute to the absence of true H-type
aggregates in the solid-state structure, which will be discussed
further down below.

The main emission peak of 1 has a significantly longer
lifetime than the high-energy (short wavelength) transition
indicating a smaller oscillator strength according to eqn (1).
However, their intensities in the emission spectrum are
reversed. This may be caused by a larger degree of non-

Table 1 Solid-state lifetimes in ns of compounds 1-3 measured at
different emission wavelengths given in nm in parentheses

1 0.86 (435) 3.60 (495) 4.31 (555)
2 1.20 (410) 2.13 (470) 3.44 (530)
3 0.46 (460) 0.60 (480) 3.95 (500)
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Fig. 2 Fluorescence properties of 1: (a) lifetime decay measurements at
various emission wavelengths ranging from 425 nm to 575 nm, (b)
emission spectrum measured after excitation at 375 nm with computed
vertical transition insets obtained from DFT/MRCI calculations for an H-
type dimer (green) and a monomer (red) scaled according to oscillator
strengths, (c) lifetime plotted against emission wavelength, (d) lifetime
plotted against squared emission wavelength.

radiative quenching for the high-energy signal. The largest
portion of the QY is, hence, unsurprisingly, due to the main peak.
A Gaussian curve fit inside the experimental emission spectrum of 1
estimates a contribution of 3% to the overall QY from the high-
energy shoulder (Fig. S5, ESIT). In the following sections, we show
that these observations can be rationalised by the different optical
properties obtained by treating isolated monomers and dimers
embedded in the crystal structure. We subsequently apply a combi-
nation of energy transfer rate calculations, periodic quantum-
chemical methods, and the DFT/MRCI approach to examine the
electronic and optical properties of DADQs in the solid state and
investigate what may be the origin of the two emitting species.

Spectroscopic studies of single crystals

In addition to the ensemble measurements which are used for
the subsequent quantum-chemical calculations, we assessed

Phys. Chem. Chem. Phys., 2021, 23,17521-17529 | 17523
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the emission features of representative single crystals of com-
pounds 1-4 using a custom-made microscopic setup. The
resulting emission spectra measured at an excitation wave-
length of 405 nm using different crystals of varying size are
shown in Fig. 3. The overall similarity of these emission spectra
suggests a good homogeneity of the differently sized crystals
and the absence of surface and reabsorption effects. The
photoluminescence decay kinetics detected in different emis-
sion windows (blue tail of the emission band: 435-475 nm, red
tail of the emission band: 525-800 nm, whole spectral window
covered by dye emission: 435-800 nm), determined by different
sets of longpass and shortpass filters, are shown in the lower
panels of the figure. These decay curves reveal shorter lifetimes
for detection in the blue tail of the emission band of all crystals
compared to the respective red tail and with a good match of
the decay kinetics derived for different crystals of the same dye.
This trend, which is most pronounced for compound 3, varies
slightly between the different dyes studied, where the resulting
intensity-weighted lifetimes of the analyses of the fitted decay
curves are summarised in Table S5 (ESIT). These findings, i.e.,
the similar emission spectra and the reduced lifetimes in the
blue tail of the emission bands, confirm the absence of
reabsorption and surface effects for the crystals studied.

Energy transfer rates

To elucidate the differences in solid-state fluorescence QYs of
compounds 1-4, we calculated energy transfer rates in close
relation to long-range Forster and short-range Dexter coupling
modes (visualised in Fig. 4). As proposed by Radhakrishnan
and co-workers,>! Forster rates, ky, are determined by the
relative orientation and distance of the transition dipole
moments of two monomers by

. [3 cos(a) cos(on) + cos(a + acz)]2

ke - @

where R connects the centres of mass of the molecules and o,
and o, are the angles between R and the respective transition

View Article Online
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Fig. 4 Illustration of the structural parameters determining ke (left) and kp
(right). For the former, the arrows are aligned with the direction of the
transition dipole moments. In the latter, the arrows point in the direction of
the normal vectors of the molecules indicated by the blue planes.

dipole. In contrast, Dexter energy transfer rates, kp, depend on
the relative orientation and distance of the molecular planes
describing the quinone systems and fall off much quicker
(exponential versus polynomial decay) since the short-range
transfer rate depends on the wavefunction overlap of the two
monomers:

kp oc cos(f)cos(p)e™" = cos(6) cos(p)e "<*@  (3)

where r and ' refer to centre of plane distance and the
perpendicular distance between the m-planes, respectively. 6
defines the angle between the normal vector of the first plane
and r, while ¢ describes the interplanar angle between the two
m-systems.

While kg links QYs to intermolecular (transition) dipole-dipole
interaction, kp can be interpreted as a relative measure to estimate
energy transfer through n-n-stacking in the crystal. Fig. 5 corre-
lates relative values of kz and kp with the solid-state QYs of all
compounds. Forster energy transfer is most important for com-
pounds 1 and 2, which show large intermolecular separation and
n-n-stacking distances. In comparison, Dexter transfer is most
prominent in compounds 3 and 4, which display shorter n-m-
stacking distances. We note that the n-n-stacking distance of 4.1 A

1) xo —— crystal 1 2) 10 —— crystal 1 3) 310 —— crystal 1 4) L0 (= crystal 1
o —— crystal 2 = —— crystal 2 = —— crystal 2 g —— crystal 2
35 0.8 3508 3 0.8 3508
A —— crystal 3 % —— crystal 3 ! | g —— crystal 3
a a g [ a
= —— crystal 4 = = f = —— crystal 4
© 0.6 © 0.6 © 0.6 © 0.6
= = = ( - —— crystal 5
> > > >
s \ = = =
0 0.4 \ n 0.4 n 0.4 0 0.4
c o c c
9] 7] [} [ 7]
= = o =
£0.2 £0.2 £02 /‘ £0.2
0.0 0.0 - 0.0 0.0
450 500 550 600 650 700 750 800 450 500 550 600 650 700 450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
Aem (nm) Aem (nM) Aem (M) Aem (nm)
0 0 (] 0
10 — 435-475 10 — 435-475 10 — 435-475 10 — 525-600
—— 435-2800 —— 435-2800 —— 435-3800 — 525-800
— 525800 —— 525-800 —— 525-800 10-1 —— 600-800
n
]
c
3
O 1072

oy g
30 ol L iy

10 20

30 40 50 60
time (ns)

70 80 20 30 40 50 60

time (ns)

70 80

-4
10 20 30 40

50 60
time (ns)

70 80 10 20

30 40
time (ns)

50 60 70 80

Fig. 3 Emission spectra (top) of single crystals of compounds 1-4 under excitation at 405 nm and corresponding normalised fluorescence decay curves (bottom)
of representative single crystals (crystal 2 for 1-3, crystal 3 for 4). For the separation of excitation and emission light, a 435 nm longpass dichroic mirror was used.
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Fig. 5 Relative Forster and Dexter energy transfer rates of compounds 1-4
(bars, 4 is set to 1.0) with additional indication of the solid-state QY (black line).

in compound 4 may well be overestimated as no crystal structure
could be obtained for this substance. The solid-state structure of 4
was instead derived from the crystal data of a similar compound
(Fig. S9, ESIt). The dimer motifs yielding the largest Forster and
Dexter transfer rates are given in Fig. S8 (ESIt) for all compounds.

Fig. 5 furthermore reveals that kr is unsuited to describe
experimental differences with respect to compound 3. It seems
that regarding m-interactions becomes increasingly important
for 3, while it is not yet as essential in 1 and 2. In general, while
Dexter modes dominate the immediate environment of the
monomers, most important for 3 and 4, Forster interaction
likely contributes as well especially at longer ranges due to the
slower R ® fall-off, which should be the main energy loss
mechanism for compounds 1 and 2. Details on how the values
were obtained can be found in the ESIf in Section S6.1.

In general, it seems that sterically demanding N-substituents
result in more isolated monomer/dimer motifs in the crystal

r Y L r ZN r ™
Wave Vector

—N
140 —H

LC
— Total DOS

state
e
o O N
o O ©

Density of states
s> o
o o

N
=]

0—3 -2 =L 0 % 2 3 4

Energies (eV)

Fig. 6

View Article Online

Paper

structure, which in turn reduces emission quenching through
intermolecular energy transfer. On the other hand, substituents
should not be too large, since intramolecular rotations should be
prevented as effectively as possible, since they are the most relevant
fluorescence deactivation mechanisms in the isolated monomers.*®
Please note that this analysis is based on the assumption
that the optical properties of DADQs in the solid state can be
reduced to the response of a monomer embedded in a crystal
environment. In the following, we will refer to this idea as
“molecular approach”. In principle, it neglects the possibility
of largely delocalised electronic transitions playing an impor-
tant role in fluorescence experiments. Hence, in the next
section, we will justify the molecular approach by analysing
the solid-state properties of 1 and 2, for which experimental
data for crystal structures, QYs, and lifetimes are available.

A molecular approach to a solid-state problem

Periodic DFT calculations at the PBE-D3(B])*"™* level were
conducted to analyse the solid-state structure of compound 1
(see ESIT for 2 and Section S6.2 for computational details). A
band gap of 2.31 eV at the PBE level and 3.20 eV using the
HSE06** functional (Fig. S10, ESIt) are indicative of a semi-
conducting material. Calculations at the PBE level produce
results in qualitative agreement with the HSE06 level. We note
that the latter yields a band gap very similar to the experimen-
tally measured absorption peak of the monomer in solution
(3.02 eV in THF?®). The bandstructure and the density-of-states
(DOS) plots shown in Fig. 6a reveal a molecular, ie., quite
localised, picture of the solid-state electronic structure. The
valence band (VB) and conduction band (CB) are energetically
separated from the nearest occupied and virtual band by
roughly 1.1 eV and 0.7 eV, respectively. A closer look at the
VB and CB (Fig. S11, ESI{) shows four interacting bands

(a) Bandstructure (top) and density-of-states (bottom) plots of 1, (b) partial charge densities of the conduction bands (top) and valence band

(bottom) with indication of a monomer depicted in red for visual clarity, isovalue of 0.003a, ™, and (c) HOMO and LUMO density plots of a monomer of 1
calculated in vacuo, isovalue of 0.003a,~>. All plots were obtained from calculations employing the PBE functional.

This journal is © the Owner Societies 2021

Phys. Chem. Chem. Phys., 2021, 23,17521-17529 | 17525


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp02534a

Open Access Article. Published on 23 July 2021. Downloaded on 5/8/2026 4:28:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

originating from the four molecules comprising the unit cell.
Furthermore, partial charge densities of the VB and CB
depicted in Fig. 6b can clearly be interpreted simply as the
sum of the in vacuo calculated highest occupied and lowest
unoccupied molecular orbitals, respectively (Fig. 6¢). All in all,
periodic electronic structure calculations present a solid basis
for an approach based on small molecular clusters to examine
the optical features of DADQs in the solid state.

Moreover, to obtain more insight and collect further argu-
ments for (or against) a molecular approach we computed
excited states employing the ®B97X-D3*° functional within
the TD-DFT framework for a tetramer, i.e., the unit cell, and
an octamer of compounds 1 and 2, and an additional dodeca-
mer of compound 2. Various dimer conformations were com-
puted for comparison. Larger clusters proved to be unfeasible
at this level which prevented us from conducting convergence
tests with respect to cluster size. The C-PCM*® solvent model
was utilised to mimic the dielectric properties of the crystal
around the molecular clusters. The dielectric constant and
refractive index necessary for the calculations were extracted
from the dielectric tensor obtained at the periodic PBE level
(Section S6.2 in the ESIf for details). Molecular structures
(Fig. S13 and S14), transition energies, and oscillator strengths
(Tables S7-S12) are given in the ESL¥

Fig. 7 depicts the difference densities for the excited states
with the highest oscillator strengths of an octamer of 1 (Ss) and
a dodecamer of 2 (S;0). In fact, all electronic transitions are
fairly localised on either just a monomer or a dimer resembling
an H-type aggregate. This provides a further argument in favour
of a molecular approach. Note that in Fig. 7 a transition
localised on a monomer (dimer) still involves two (four) mole-
cules, as both the octamer and the dodecamer consist of
symmetrically equivalent sub-units. Hence, for clarity, only a
part of the clusters is shown.

Certainly, one must be careful in assessing this approach as
no experimental absorption data are available. More impor-
tantly, however, emission properties of these larger clusters are
currently out of reach as this would necessitate excited-state
optimisations requiring massive computational resources with
the additional problem of modelling the solid-state environment.

hTd N

. J N\ P,
Fig. 7 Difference densities of the excited states with the highest oscillator
strengths in 1 (left, Ss at 335 nm) and in 2 (right, S;0 at 305 nm). Red and
blue zones correspond to areas of electron depletion and accumula-
tion, respectively. Hydrogen atoms were omitted for clarity. Isovalue =
0.001a,~>.
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Still, our periodic DFT results in combination with localised
excited states observed in molecular clusters provide sufficient
evidence to justify a molecular approach based on monomers
and dimers for the description of the electronic and optical
properties of DADQs in the solid state. This comes with the
major advantage that emission properties become feasible due to
the manageable size of monomers and dimers. This will be
exploited in the next part, where we will use a combination of
the QM/MM method and DFT/MRCI to assess the absorption and
emission properties of compounds 1 and 2.

Rationalising solid-state fluorescence properties

In the previous section, we have established that it is sufficient
to examine monomers and dimers of our DADQs embedded in
their crystal structure to evaluate their photophysical solid-state
properties. We calculated monomers and H- and J-like aggre-
gated dimers embedded in the crystal structure of compound 1
and 2 (Fig. 8 and Fig. S19, ESI}). Since compound 3 essentially
only contains H-type aggregates (¢f. Fig. 1), J-aggregates are
likely to play a subordinated role, if we assume that the
mechanisms responsible for the emission properties are simi-
lar in all compounds. We employed the ONIOM*” scheme to
perform a QM/MM optimisation of ground- and excited states
using the ®B97XD functional for the high layer and the UFF
(universal force field)*® for the low layer. Note that the disper-
sion part of the functional differs from the one used earlier due
to limitations of the employed quantum-chemical programme
packages. Afterwards, the DFT/MRCI method in combination
with the C-PCM model once again using the dielectric constant
obtained from the periodic calculations was employed to
compute absorption and emission peaks. A similar approach
has been used recently for chalcone-based materials.*® Due to
the non-polarisable force field, state crossings with dark
charge-transfer states pose a hypothetical problem. However,
excited states in DADQ dimers are of local nature which can be
deduced from the difference densities of the S; and S, states in
the H-type dimer displaying the same nodal shape (Fig. S20,
ESIT). Details about the DFT/MRCI excited state calculations
can be found in Section S6.2 of the ESL.{ As can be seen in
Table 2, our protocol yields a nice agreement between calcu-
lated vertical transitions and experimental emission energies.

& o 7,

o i/

Fig. 8 Monomer (left) and H-type dimer (right) of compound 1
embedded in their crystal environments. Hydrogens are omitted for the
high layer for clarity. A part of the low layer (dark blue) was allowed to relax
during the run. The static low layer is depicted in transparent cyan.
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Table 2 Calculated absorption peaks, comparison of calculated and
experimental emission wavelengths, emission oscillator strengths and
lifetimes of compounds 1 and 2 for monomers (mon) and H-aggregates
(H). Absorption and emission wavelengths are given in nm, lifetimes in ns

)cach

calc.
zcm

hexp.

abs Aem fosc,cm Texp-
1 mon S: 440 488 495 0.81 3.60
H S, 404 466 438" 0.00 0.86

S, 387 432 1.38
2 mon S, 412 463 463 0.73 2.13
H S: 409 439 b 0.00 1.19

S, 392 419 1.38

“ Extracted from Gaussian fit. ® Not reliably extractable.

For compound 1, the main peak at 495 nm is energetically close
to the S; of the monomer, while the shoulder at 438 nm is near
the S, of the H-type dimer. Both emission energies differ by less
than 7 nm (0.07 eV, vertical transition lines in Fig. 2b above).
J-Aggregates can be assumed to only play a minor role for the
emission spectrum, presumably in between the main peak and
the high-energy (short wavelength) shoulder (Table S14, ESIf).
Fig. 9 illustrates the mechanism and shows that excited-state
and ground-state structures optimised in a crystal environment
differ only very slightly, as expected. For compound 2, the main
peak is exactly reproduced by the calculation likely benefitting
from fortuitous error cancellation, while the high-energy com-
ponent of the spectrum cannot be extracted reliably.

As has been addressed earlier, there is a mismatch between
emission intensities and fluorescence lifetimes, as shorter life-
times indicate larger oscillator strengths (eqn (1)) which, in
turn, imply larger intensities. In Table 2, we can see that this
discrepancy can now be explained by non-radiative fluores-
cence quenching through internal conversion of the high-
energy S, of the H-type dimer to its dark S; which lies 34 nm
(0.2 eV) lower in energy. Technically, emission from the

e
k Lffgg&g

A A(nm)

——>» absorption

y fluorescence
5 internal
el Ry L > conversion
R SS N N
Ny =
~, el
o =9
o e
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MWy, S —— 432
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£ R /\e\ optimisation
N \ coordinate

>
>

Fig. 9 Excited-state optimisation of 1 in the solid-state: Ground- and
excited-state optimised structures are overlaid. Monomer and H-dimer are
represented by a cyan to blue and an orange to red colour change,
respectively. Solid arrows refer to absorption and emission, while the
dashed arrow indicates fluorescence quenching of the H-dimer due to
internal conversion. Experimental emission wavelengths are depicted in

grey.
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Fig. 10 Absorption and emission wavelengths depending on the degree
of conformational mobility of the monomer. Left: Completely confined in
the crystal, middle: encapsulated inside a dimer cavity, right: “free” inside a
dielectric continuum with the same permittivity and refractive index as
compound 1 as a solid. Ground- and excited-state optimised structures
are overlaid in cyan and blue, respectively.

high-lying S, violates Kashas rule,’® which states that emission
originates from the lowest excited state (S;). However, the two
states are very close in energy enabling potentially multiple
state crossings or conical intersections that allow for dynamical
population exchange. Future analysis would therefore require
quantum dynamics which is however not covered in this work.

Depending on the emitting system, the radiative decay path-
way of the monomer can vary between quenched or unquenched.
We assign the vast majority of the fluorescence QY to the
monomers, as those exhibit the largest contribution to
the emission according to Table 2. In conclusion, we attribute
the general shape of the emission spectrum of 1 to monomers
and H-type dimers embedded in the solid-state crystal structure.

One remaining issue is the low-energy (long wavelength) end
of the emission spectrum. For compound 1, the longest life-
times are measured at around 570 nm, almost 80 nm (0.33 eV)
red-shifted with respect to the monomer emission peak. This is
noteworthy, as lifetime broadening should actually sharpen the
signal rather than widening it. Monomers with higher confor-
mational mobility in the crystal should produce larger Stokes
shifts and may, thus, explain this observation.

Such structural freedom may be achieved by defects in the
solid-state structure. Rather large R-factors of the crystal struc-
tures (Table S4, ESIt) support this claim. Hence, we repeated the
computational procedure described above for monomers placed
inside a defect. As there is no experimental data for the nature of
possible defects available, we opted to simply use the cavity
formed by the H-type dimer of 1 and put a monomer inside of
it. The resulting emission peak is located at 516 nm, red-shifted
by 34 nm, making it a potential candidate for the observed long
lifetimes near the low-energy end of the emission spectrum. In
the most extreme case, without the rigid crystal environment, the
monomer loses all of its oscillator strength while constantly
increasing the Stokes shift upon relaxation on the S; (Fig. 10).
We can thus assume, that depending on the size of the defect
cavity, the monomer may show small amounts of fluorescence at
various emission energies beyond the main emission peak.

Conclusion

Using both experimental and computational approaches, we
were able to explain the emergence of aggregation-induced
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emission in an organic crystal system. The solid-state optical
properties of four DADQ derivatives were rationalised and the
corresponding mechanisms supported by molecular models.

Differences in solid-state fluorescence QYs can be related to
the efficiency of m-m-stacking interactions within the crystal
which were quantified by energy transfer rate calculations
according to Radhakrishnan and co-workers. While benzene-
bridged, unsubstituted compound 4 experiences aggregation-
caused quenching, dineopentyl-substituted derivative 1 is
subject to an aggregation-induced emission effect. Further-
more, lifetime measurements at various emission wavelengths
reveal multiple emitting species in compounds 1-3, which we
attribute to H-type dimers and monomers, while J-aggregates
only play a minor role for the optical properties. Our computa-
tional protocol based on QM/MM calculations and the DFT/
MRCI method to evaluate the photophysical properties of
DADQs in the solid state, may serve as a general approach to
study optical problems in organic crystals.

In conclusion, our joint study was able to elucidate a wide
range of effects occurring in organic crystals, likely not limited to
the DADQ compounds studied here. The results may have
implications for the design of organic light emitting compounds.
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