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Less is more: on the effect of benzannulation on the
solid-state emission of difluoroborates

In this work, the design strategy for the preparation of
crystals of highly emissive donor-acceptor-substituted
fluorescent dyes is revisited. CH - - - & intermolecular
interactions between a strong electron-donating N(CH.),
group and fused benzo rings are shown to have detrimental
effect on the emission properties.
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We investigate the emission properties of four organic dyes containing a strong electron-donating
N(CH=), group and an NBF,O-bearing heterocyclic moiety acting as the electron-accepting group. The
four studied compounds differ in the number and positions of the fused benzo rings included in the
heterocyclic moiety. They exhibit strong emission in solution, with fluorescence quantum yields (&)
systematically exceeding 0.8 at least in one of the solvents used, regardless of the benzannulation
architecture. The strong dipolar character, achieved by substitution with the N(CHs), group and
benzannulation, enhances the photoinduced charge transfer and appears to be an effective strategy to
tune the photophysical properties of these dyes in solution. Indeed, red-shifted absorption spectra are
obtained without deteriorating the emission properties. However, the present joint theory—experiment
study clearly demonstrates that such a molecular design is not effective for solid-state applications, as
only one derivative still exhibits significant emission in the crystalline form, namely the most compact
one. We show that the combination of benzannulation in the presence of the strong amino donor leads

Received 15th July 2021, to substantial changes in crystal packing and that a different network of intermolecular interactions can

Accepted 28th September 2021 be found in the crystal. More specifically, going from the parent compound to its benzannulated
derivatives induces a stronger =---m stacking combined with multiple CH- - -t interactions involving the

fused benzo rings and the hydrogen atoms of the dimethylamino group, which impedes efficient
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rsc.li/materials-c emission of the crystals.

1 Introduction

Solid-state emission of organic materials remains in the lime-
light owing to the countless technological applications of light-
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emissive organic devices, e.g., light-emitting diodes,"™ field
effect transistors,”® fluorescent sensors,”” and laser dyes.*’
Development of new systems for lasing is also an important
challenge in materials chemistry. A number of organic mole-
cules are employed to that end including compounds carrying
the BF, group.® The same moiety might be used to control the
efficient emission of polarized light, but to fully exploit these
possibilities a careful molecular design is needed'’ especially
when no asymmetric atom is present in the emissive molecule
but the chirality is obtained by changing the relative orientation
of two moieties."’ Likewise, efficient organics-based diodes
require tweaking of the molecular structure.’” It is now well
established that molecular topology is one of the key factors in
the design of efficient systems for organic electronics.”>™** This
popularity of organic fluorophores stems from their easy func-
tionalization, making it possible to tune their photophysical
properties using various synthetic and design strategies.'® In

This journal is © The Royal Society of Chemistry 2021
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particular, push-pull molecules presenting an electron-
donating (D) and an electron-accepting (A) substituent sepa-
rated by a m-conjugated linker are very popular.”’*° Such
molecules exhibit intramolecular charge transfer (ICT),>%*!
leading to a red-shift of the tn* absorption band as the strength
of the D and A groups and/or the delocalizable nature of the
linker increases.”>** However, excessive ICT strength might
also yield emission quenching due to the appearance of a TICT
(twisted intramolecular charge transfer) or PICT (planarized
intramolecular charge transfer) structure in the lowest electro-
nic excited state, or more generally lead to a change in geometry
and effective non-radiative pathways.

Another approach that makes it possible to tune the optical
properties of fluorescent dyes is the fusion of benzene rings,
also referred to as benzannulation.>*™” This leads to extension
of the m-conjugated skeleton, which results in beneficial red-
shifts of the spectral signatures.”®*° In addition, benzannula-
tion comes with increased molecular rigidity which might
facilitate maximizing @; - a highly desired feature for many
technological applications. On the other hand, large, stiff
planar structures tend to stack which may lead to undesirable
photophysical features in the solid state. Clar proposed an
empirical rule for describing the structural features of large
fused polycyclic hydrocarbons®® which states that the system is
driven toward a mesomeric structure that contains the largest
number of fully delocalized m electrons. Consequently, fused
rings might act as accepting groups, making benzannulation a
handy approach for controlling the photophysical properties as
a substitute for or in combination with more traditional
accepting substituents like cyano groups.

The fluorescent dyes bearing a BF, group, which are our
focus in the present work, are popular platforms for the above
described functionalizations. Among these dyes, the BODIPY
family is one of the most studied ones due to the exceptional
photophysical properties: large ®¢, high extinction coefficients,
as well as narrow absorption and emission bands.*'"** However,
BODIPY dyes are known to be relatively poor for solid-state
emission devices, as they suffer from aggregation caused
quenching (ACQ),**** notably due to reabsorption of the
emitted photons by the nearby molecules, and by self-
quenching due to the close contacts between the molecules
(e.g. m-stacking) leading to the non-radiative energy dissipation.
The detrimental ACQ effects can be circumvented to some
extent by changing the intermolecular packing using various
methods, including (i) the formation of head-to-tail aggregates
via J-type aggregation;*>° (ii) the promotion of cross-stacking
in the crystal structure;®” (iii) the formation of a supramolecular
co-crystal;**2° and (iv) the use of bulky substituents to reduce the
strength of the m---m stacking interactions.”*® Of course, the
emission properties might greatly benefit from aggregation
through the opposite process, namely, aggregation induced emis-
sion (AIE).***"*> The AIE phenomenon is typically caused by
restriction of molecular rotational motions in solution (when
the concentration of the fluorophore is close to precipitation) or
in the solid state.*>** However, AIE has been only reported in
difluoroborates, though not completely undescribed.*>™*

This journal is © The Royal Society of Chemistry 2021
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As stated above the popular approach to hamper n---n
stacking is to introduce bulky substituents in order to increase
the intermolecular distance. Notably, it was shown that an
enhancement of the @; in the solid-state of perylene diimides
(PDI) can be achieved by substitution with polyhedral oligo-
meric silsesquioxanes (POSS) at the imide position via either
rigid or flexible linkages.*® The studies of n-extended coumarin
derivatives possessing either a seven-(DBU) or five-membered
ring (DBN) attached to the core molecule also revealed differ-
ences in the photophysical properties due to different crystal
packing.’® The difference in the packing leads to fluorescence
quenching in the solid state for DBN (possessing a close
parallel arrangement with long-range =n---n stacking) and an
enhancement of @; for DBU (with discrete dimeric units built
by m-systems of two adjacent molecules). In another study, the
influence of the n- - -m interactions on boron difluoride deriva-
tives exhibiting solid state NIR-light emission was achieved by
D’Aléo and co-workers.”" The X-ray structure revealed differ-
ences in the packing modes of acetophenone and
acetonaphthone-based BF, complexes. The latter tends to pack
in a face-to-face fashion which increases the m-overlap, whereas
the former yields displaced dimer units which reduces the n-
contact area. This logically translated into an increase
(reduction) of &; in the solid state for the acetophenone
(acetonaphthone)-based crystal compared to the solution.
Moreover, the fine tuning of the crystal packing was used to
obtain two different crystals of the same BF,-carrying molecule
characterised by completely different properties (TADF vs RTP -
thermally activated delayed fluorescence vs room-temperature
phosphorescence).”

Extensive studies of BF, fluorescent dyes containing
NBF,N,**®> NBF,0**°®%” or OBF,0°®*"° units have been
reported. Some of them show bright fluorescence in the solid
state,***1°46%61 we have recently shown that the optical prop-
erties of difluoroborates in solution can be tuned by combining
variations of the electron-donating substituent and benzannu-
lation of the central pyridine ring.®>"®* Such a strategy made it
possible to control the strength of the donor-acceptor interac-
tions and thus the properties of the excited states. The aim of
the present work is to study the photophysical properties of
crystals of the four dipolar dyes shown in Fig. 1, that all exhibit
bright emission in many solvents. The use of NMe, group in the
studied series was dictated by its high electron-donating
strength and widespread presence in organic fluorescent dyes
and this group hampers hydrogen bonding. More specifically
we analyze the influence of benzannulation on the solid state
(crystal) emission for perfectly homologous compounds, using
a palette of experimental and computational methods in an

Fig. 1 Structures and ring labelling of the compounds studied herein.
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effort to understand the subtle relationships between molecu-
lar structure, solution, and solid-state fluorescence.

2 Methods
2.1 Theory

2.1.1 Interaction energy partitioning scheme. Amongst the
many models allowing for a decomposition of the intermole-
cular interaction energy,®>’*> we employ the variational-pertur-
bational decomposition scheme (VP-EDS),”””7® which yields
components directly related to intermolecular perturbation
theory.”” In particular, the total interaction energy obtained
in a supermolecular approach is partitioned into a selection of
interaction energy terms analogous to the ones defined in
symmetry-adapted perturbation theory (SAPT).”>”7° In VP-EDS,
the total interaction energy of a dimer, calculated by a super-
molecular approach in the dimer-centered-basis set (DCBS)”®
using the second-order Mpgller-Plesset perturbation theory
(MP2) is partitioned into Hartree-Fock (HF) and the electron
correlation interaction energies:

AENT? = AEL + AEvor (1)

The HF term can be further partitioned into three terms
representing the electrostatic interactions of unperturbed
monomer charge densities, é”, the associated exchange repul-
sion, AEFF, and the charge delocalization, AEqy, which encom-
passes the induction and the associated exchange effects due to

the Pauli exclusion principle:
AERE = (39 + AETY + AERS (2)

Note that the indices in parentheses denote perturbation
orders in the intermolecular interaction operator and intramo-
nomer correlation operator, respectively. In this notation, the

second-order electron correlation term, AE s,
MP2 12 20 2
AEcorr = ’SEel,rJ + Sg:lis%) + AEEEX) (3)

includes the second order dispersion interaction, sﬂfigf,, the
electron correlation correction to the first order electrostatic
interaction, sg?, and the remaining electron correlation effects,
AE®. The latter term accounts mainly for the uncorrelated
exchange-dispersion and electron correlation corrections to
the Hartree-Fock exchange repulsion.”””” Both ¢ and {2}
are obtained in the standard polarization perturbation theory,
whereas sgi) is calculated using the formula proposed by
Moszynski et al.”’

2.1.2 Computational details. The intermolecular inter-
action energies and their components were calculated using
the Kohn-Sham formulation of Density Functional Theory
(DFT), MP2, and its spin-component-scaled variant (SCS-
MP2)®¥ for the dimer complexes composed of 1-4, using
experimentally determined crystallographic geometries. All cal-
culation were performed using a supermolecular approach with
counterpoise correction.®" At the DFT level, a range-separated
exchange-correlation functional including an empirical disper-
sion term, namely ®B97X-D*?, is used. These DFT calculations

15822 | J Mater. Chem. C, 2021, 9, 15820-15830
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were performed using the Gaussian 16 program®® with Dun-
ning’s correlation consistent basis sets (aug-cc-pVDZ and aug-
cc-pvTZ).5 8¢ While the triple-{ basis set is obviously more
accurate and yields smaller basis set superposition errors
(BSSE) than its double-{ counterpart, the number of basis
functions exceeds 3000 with the larger basis for the dimers.
The calculations presented in this work were therefore per-
formed using the aug-cc-pVDZ basis set, the difference in total
interaction energies obtained with the two basis sets being in
the 0.3-0.8 kcal mol ' range (Table S9, ESIt). Unfortunately,
even the aug-cc-pVDZ (1700 basis functions on average) is
computationally untractable at the MP2 level, and we resort
to the density fitting approach (also known as resolution-of-the-
identity or RI) at both the HF and MP2 levels.*”°" The second-
order electron correlation term, AEnrZ was determined as

AEcors = AER” — AEin 4)

The HF term was obtained and further partitioned as described
above by applying the VP-EDS scheme on the HF/aug-cc-pVDZ
data using a modified version of the GAMESS US code.’*%* The
AENY? term is calculated using density fitting with the same
basis set using MOLPRO.*

For the simulations of the optical properties, the molecular
structures of the ground singlet state were optimized at the DFT
level using the B3LYP®® functional and the 6-31G(d,p)°® basis
set. Excitation energies were calculated in the gas phase using
both the extended multiconfiguration quasidegenerate pertur-
bation theory at the second order level (XMC-QDPT2)°” and
time-dependent density functional theory (TD-DFT).’® The
XMC-QDPT2 calculations were performed using the Firefly
software®® with active spaces consisting of 10 electrons in 10
molecular orbitals (see Table S11, ESIt). The non-adiabatic
coupling matrix elements (NACME) were calculated using
Turbomole.'®® The spin-orbit coupling matrix elements
(SOCME) between the first singlet excited state and the lowest
triplet state were calculated using the PySOC software'®" based
on the Breit-Pauli (BP) spin-orbit Hamiltonian with an effec-
tive charge approximation. The internal conversion (IC) and
intersystem crossing (ISC) rate constants were calculated within
the Herzberg-Teller approximation'®*'*® taking into account
the anharmonicity effects.'® The IC rate constants (ki) were
obtained using the algorithm published elsewhere,'®® which
assumes that the X-H vibrations mainly contribute to the IC
process.

2.2 Experiment

The description of synthesis and full characterization of com-
pounds in solution by 'H, ''B, *C, °N and '°F NMR spectro-
scopy and elemental analysis can be found in ref. 19 and 106
(1), ref. 107 (2), ref. 63 (3) and ref. 64 (4). The X-ray data were
collected at 293(2) K using an Oxford Sapphire CCD diffract-
ometer using MoKo radiation (1 = 0.71073 A). The structures
were solved by direct methods and refined using the full-matrix
least-squares method on F* with the use of SHELX2017 program
package.'%® The analytical absorption corrections were applied
by CrysAlis 171.38.43 package of programs Rigaku OD.'%

This journal is © The Royal Society of Chemistry 2021
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The C-bonded hydrogen atom positions were calculated from
geometry. All hydrogen atoms were constrained during refine-
ment. A summary of the crystal data and refinement details for
compounds 2-4 is given in Table S6 (ESIt). CCDC 2090001 for 2
and 2090002 for 3, and 2090003 for 4. Emission spectra of solid-
state samples of 1-4 were recorded on a Fluoromax-4 (Horiba)
spectrofluorometer equipped with a long pass filter and the
fluorescence quantum yields were measured using the same
apparatus equipped with an integrating sphere Quanta.

3 Results

3.1 Photophysical properties

Previously we showed that the benzannulation position has
a significant impact on the fluorescence features in
solution.®> %4110 The @; of 1-4 measured in the various solvents
are listed in Table 1 (see also Table S1, ESIT). All compounds
exhibit bright emission in solution, the ®¢s magnitude being
dependent on the nature of the solvent. The largest @ is
observed in diethyl ether (Et,O) for 1, and in methylcyclohexane
(MCH) for 2-4. As shown in Table S1 (ESIf), changing the
solvent polarity influences both the radiative (k;) and non-
radiative (k,,) constants. Illustratively, passing from MCH
to dimethylformamide (DMF) k. is decreasing and k,, is
increasing.

In order to gain insight into the fluorescence properties of
1-4, and more specifically on the rates of the radiative and non-
radiative decay pathways, we first performed gas-phase calcula-
tions carried out at the TD-DFT/B3LYP/6-31G(d,p) and XMC-
QDPT2/6-31G(d,p) levels of theory. The results are presented in
Tables S2-S5 in the ESL.t Tables S4 and S5 (ESIt) show that the
TD-DFT predicts twice larger S;-T; energy gaps and much
smaller SOCME values than XMC-QDPT2. As a consequence,
TD-DFT foresees internal conversion as the main deactivation
pathway, while XMC-QDPT2 predicts intersystem crossing to be
a competitive deactivation channel (compare Tables S3 and S5,
ESIt). Despite this difference in prediction of non-radiative
deactivation rate constants, both levels of theory show that
the radiative rate constant dominates over the IC and ISC
deactivation channels for all molecules. The prevalence of the
k. over k,, agrees with the experimental data measured in the
least polar solvents such as MCH and Et,O (Table S1, ESIt). It is
mainly due to the exponential growth of the internal conversion
efficiency with the decrease of the S;-S, energy gap.'''''?
Indeed, the polar solvents affect the bathochromic shift of
the emission wavelengths for all molecules (Table S1, ESIY)
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Fig. 2 Solid-state fluorescence of the investigated compounds.

which results in a monotonous decrease of the fluorescence
quantum yield. Thus, although the obtained theoretical data
indicate non-zero values of SOCME and NACME for the cou-
pling between the S;-T; and S;-S, states, respectively, the quite
large values of the S;-S, vertical transition energies and oscil-
lator strengths for 1-4 hint that fluorescence dominates over
the non-radiative processes for the single molecules.

In order to study the photophysical properties in the solid
state, crystals of 1-4 were obtained by slow evaporation of the
chloroform solution. The solid state fluorescence spectra are
displayed in Fig. 2 and the measured @ values are listed in
Table 1. The emission bands are red-shifted in the crystal as
compared to in the solution, with peaks at 1 (563 nm) < 3
(600 nm) < 4 (611 nm) < 2 (645 nm) in the solid state. More
interestingly, while these measurements confirm that benzan-
nulation significantly affects the emission properties, rather
different patterns were obtained in solution and in the crystal,
with very strong quenching of the fluorescence for 2-4 and with
bright emission for 1 only in the latter phase. The fluorescence
lifetimes of compounds 1 and 4 in the solid state are 9.64 ps
and 8.93 ps, respectively. For compounds 2 and 3, exhibiting
very low fluorescence quantum yields, the results are not
reliable due to the spectrometer limitations. The lifetimes
measured in the solid state are three orders of magnitude
higher than that determined in chloroform solution."®%>76%1%¢

3.2 Molecular packing

To understand the fundamental origins of these striking differ-
ences between the emission measured for solutions and

Table 1 Fluorescence quantum yields of 1-4 measured in different solvents and in the solid-state

Comp. MCH? Et,0° THF? EA° AcMe’ MeOH® MeCN" DMF’ ss/

1 0.519 0.868 0.684 0.699 0.569 0.454 0.517 0.382 0.314
2 0.862 0.747 0.517 0.614 0.374 0.308 0.296 0.187 <0.01
3 0.979 0.848 0.658 0.663 0.587 0.499 0.638 0.561 0.020
4 1.000 0.999 0.585 0.655 0.441 0.471 0.447 0.323 0.063

“ Solvents in the table are ordered according to increasing magnitude of their dipole moment. ® Methyleyclohexane. ¢ Diethyl ether. ¢ Tetra-
hydrofuran. ° Ethyl acetate./ Acetone. ¢ Methanol. " Acetonitrile. * Dimethylformamide. / Solid state.

This journal is © The Royal Society of Chemistry 2021
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crystals, first we analyze the packing of each dye and the
intermolecular interactions. To this end, we analyze published
X-ray measurements for 1,'°® and use crystal structures deter-
mined in the present work for the other three dyes, and
additionally further considered a parent, unsubstituted com-
pound of 4 (denoted as 4(H) below), which was studied by Wu
and co-workers®® and is available in the CCDC database. The
crystal structure information and the detailed description of
the molecular packing of 2-4 are given in the ESI.{ The crystals
of 1, 3, and 4 correspond to orthorhombic and 2 to triclinic
crystal systems with the space groups Pca2,, Pbca, Pbca, and P1,
respectively. The molecular packing as well as the main inter-
actions and dimers of 1-4 selected for further studies are
depicted in Fig. 3. The asymmetric unit of the structure for
compound 1 consists of 2 molecules - a (red) and b (blue) in
Fig. 3a. The n- - -m interactions are found between the pyridine
rings C (labeling of the rings can be found in Fig. 1) of molecule
a and molecule b in the 1ba,, dimer. A series of C-H--
interactions are also present in that structure between the
pyridine C and aniline A rings of both molecules, leading to
that the 1abr,~1 and 1aby,-2 dimers show edge-to-face T-shape
and weak (due to the angle between rings) n- - -n stacking, see
Fig. 3a. Only a single molecule, a, of 2 is found in the asym-
metric part of the crystal structure. The X-ray crystallographic
analysis reveals several n- - -7 interactions between the C and A
rings. In addition, the methyl group of the aniline moiety (ring
A) is involved in C-H- - -n interactions with the ring D.

Both interaction types are found in the two types of head-to-
tail dimers, 2aa,,-1 and 2aa,,-2, which have a parallel dis-
placed stacked configuration (Fig. 3b). For the isoquinoline
derivative 3, the asymmetric unit contains 3 molecules - a (red),
b (blue), and c (green), see Fig. 3c. n- - -n-type stacks are found
only between equivalent molecules leading to the 3aa,,, 3bb,,
3ccy, dimers, see the left-hand side of Fig. 3c. The dominating
n-- -1 interactions take place between the B and C (C and E)
rings for molecules ¢ (a and b). C-H- - -x interactions are found
between the methyl of the NMe, groups and the A rings. For
further analysis, we also consider the dimers with edge-to-face
T-shape - - -n stacking (3bby, and 3car,) and C-H- - -« interac-
tions (3bacyp, and 3cecyp). For the phenanthridine derivative, 4,
only one molecule type (a) is present. Two types of dimers can
be evidenced: 4aa,, formed by n- - -1 interactions between the C
and E rings, and 4aacy,, characterized by C-H- - & interactions
between the methyl group of the aniline moiety and ring A
(Fig. 3d). Finally, as can be seen in Fig. 3e, the molecular
packing for 4(H) suggests only 7- - -n interactions between the
phenanthridine derivatives 4(H), leading to the 4(H),, dimer.

3.3 Intermolecular interaction energy decomposition

The above analysis of packing modes reveals quite different
structural motifs which require further characterization. To
this end, we performed quantum-chemical calculations (see
Methods section) to shed light onto the strength of these
interactions and unravel their physical origin. The calculated
intermolecular interaction energies together with their decom-
position according to the VP-EDS scheme for representative
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dimers (see Fig. 3 and Table S10 in the ESIf) are given in
Table 2 and in Fig. 4. In that Table, we provide the interaction
energies obtained with the ®B97X-D functional, MP2, and SCS-
MP2. The dimer complexes with m---m stacking, especially
in compounds 3, 4, and 4(H), have total interaction energies
AENY? larger (by up to 3.1 keal mol™") than the corresponding
AEYR7P energies. It is indeed the usual trend,"** that MP2
overestimates the m---m stacking intermolecular interaction
energies. This overestimation, due to the uncoupled dispersion
energy term, tends to be systematic and does not hamper the
analysis of the intermolecular interaction energies of the dif-
ferent stacking motifs. As discussed above, there are three main
interaction types in the crystals: parallel displaced = - - stack-
ing, edge-to-face T-shape together with weak 7 - - stacking (T-
shape + 7---mt), and C-H- - -n intermolecular interactions. The
strength of the interaction energies increases in the following
order C-H---n < T-shape + m---n < parallel displaced &---n
complexes (Fig. 4). Nevertheless, for dimer 4aacy, the total
interaction energy is comparable to those determined for T-
shape + - - -7 stacked dimers. We also note that the strength of
the m- - - interactions is very similar for 4 and 4(H) which, as
discussed in the next Section, have very different emission
properties in the solid state. The calculations highlight the
key role of the electrostatic and electron correlation terms
(which include the uncoupled dispersion term) for the selected
dimers; these two components determine the intermolecular
interaction energies for the n-stacked complexes of 2-4 and
4(H). It can be seen that the exchange repulsion term, which is
a destabilizing contribution, plays a significant role in the =n-
stacked dimers but has a trifling impact on the complexes
based on C-H- - - interactions.

4 Discussion

In the Introduction, we argued that the n- - -n interactions play
an important role not only in determining the crystal packing
but also in tuning the solid state emission. However, the
C-H- - -m interaction or the stronger intermolecular hydrogen
bonds may also have a considerable effect, as clearly shown by
the data presented above. In what follows we relate literature
conclusions to our findings of the &y of the crystals.

4.1 Literature survey

The studies of the correlation between molecular packing and
photophysical properties for N-methylpyrazoline derivatives
demonstrated the impact of the intermolecular interactions
present in the crystal lattice."™* The comparison of relative
contributions of different close contacts with their fluorescence
characteristics revealed that higher relative contributions of
H---O and H- - -N contacts yield enhanced non-radiative decay,
and consequently fluorescence quenching. Similarly, the links
between molecular packing and substitution effects were
recently established for chalcone crystals with a focus on the
balance between red emissive and photodimerization-triggered
hopping behaviour.""® By changing the nature of the amino

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Molecular packing of 1 (a), 2 (b), 3 (c), 4 (d), and 4(H) (e) with the indication of the main types of intermolecular interactions and key dimers that are
studied herein.
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Table 2 Results of intermolecular interaction energy calculations?

Decomposition of MP2

Total interaction energies energies

Dimer AESESP ARMP? AESSMP AR 0 ABHE ABY AEMD
1

1ba,, -11.07 —11.20 —-899 -1.85 —-7.91 7.58 —1.52 —-9.35
1abp,— —11.66 —11.20 —-7.91 2.86 —2.92 7.18 —1.40 —14.06
1

1ab,- —13.70 —12.90 —10.45 —-2.58 —6.57 5.7 —1.71 —10.32
2

2

2aa;,- —25.00 —25.27 —18.47 4.61 —8.98 16.68 —3.09 —29.88
1

2aa;,- —26.26 —28.23 —20.96 3.81 —11.34 18.52 —3.37 —32.04
2

3

3aa,, —18.21 —20.58 —14.81 5.29 —10.45 18.68 —2.94 —25.87
3bb,, —17.30 —19.53 —14.14 4.58 —9.47 16.53 —2.48 —24.11
3cc,, —17.39 —19.67 —14.43 3.77 —9.08 15.14 —2.29 —23.44
3bb;, —13.34 —12.57 —10.61 —4.26 —6.04 3.15 —1.37 -—-8.31
3bacy, —5.52 —4.76 —3.44 1.09 —1.77 3.34 —0.48 —5.85
3cccyr —7.36 —6.65 —4.95 0.92 —-2.66 4.27 —0.69 —-7.57
3car, —13.88 —13.35 —11.35 —4.80 —6.58 3.32 —1.54 —-8.55
4

4aa,, —22.87 —25.96 —19.04 4.76 —10.68 18.56 —3.12 —30.72
4aacy, —12.10 —11.32 —8.98 —-0.94 —4.94 5.04 —1.04 —10.38
4(H)

4(H),m —25.74 —28.34 —20.55 6.26 —10.03 19.45 —3.16 —34.60

@ All values are given in kcal mol . All calculations were performed
using the aug-cc-pVDZ basis set. The description of intermolecular
interaction energies components is given in the Methods section.

AE™ [kcal/mol]

-50 . . . TR . . PR . . . L
e WY PR R R e R
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[ R ] 2 @ a2 2

Fig. 4 Decomposition of RI-MP2/aug-cc-pVDZ intermolecular inter-
action energy into electrostatic, exchange, delocalization, and electron
correlation contributions for studied dimers of 1-4 and compound 4(H).
The solid line corresponds to the sum of all components.

group two different crystal arrangements with anti-parallel
packing have been obtained: (i) NMe,-bearing chalcone deriva-
tives with face-to-face alignment of the D and A groups, as well
as multiple C-H---n interactions; (ii) NPh,-substituted chal-
cone compounds without D-A stacking. Whilst the two com-
pounds develop similar photophysical properties in solution,
only the latter molecule is bright in the crystal. Iwasaki and
co-workers reported that different alkyl chains can affect the
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solid-state photophysical properties of 1,3,6,8-tetraalkylpyrenes."*®
Their investigation indicates that alkyl groups modify the crystal
packing, which significantly affects both the emission colour and
the quantum yield.

As illustrated by the above examples, a dense network of
weak intermolecular interactions can quench the fluorescence;
however, there are many examples in which it is the interplay
between strong =---m and other types of weaker interactions
that dictates the final response. Illustratively, the influence of
n---m interactions on the solid-state emission properties of
triphenylamino benzothiazole-based fluorogens undergoing
(or not) excited-state intramolecular proton transfer (ESIPT)
have been studied by Padalkar et al.''” The face-to-face arrange-
ments of dimers in the crystal structure are responsible for the
presence of strong =---m stacking which, along with other
intermolecular interactions (C-H---w, C-H---O, C-H--:N),
hinder both the ESIPT and the fluorescence processes.
7-Amino and 4-methyljulolydyl coumarin crystals have a net-
work of hydrogen bonds and/or =n---m stacking interactions,
leading to very weak solid-state fluorescence.''® In contrast,
7-diethylamino coumarin dyes that form isolated monomer-
and dimer-type stacking show intense fluorescence. Eventually,
an investigation of the molecular packing of isomeric
benzofuranonaphthoquinol-type fluorophores made it possible
to rationalize the fluorescence quenching of phenyl substituted
compounds.''® Indeed, the crystal data confirmed the presence
of hydrogen bonds and strong n- - - interactions explaining the
low emission of these molecules in the solid state. Interestingly,
enhanced @ could be achieved by changing the hydroxy (-OH)
to the butoxy (-OBu) group which leads to packing with
reduced interaction strengths.

The above-mentioned studies show that packing and photo-
physical properties of crystals are significantly influenced
by various types of intermolecular interactions originating
from the molecular structure. The increase of @ in the solid
state can be achieved (i) by suppressing hydrogen bonding
(H---O and H---N contacts) and - - -t interactions using the
-OBu, methoxy (-OMe), or acetyl (-COOMe) group as a sub-
stituent rather than the ~OH group; (ii) by reducing the network
of hydrogen bonds and C-H-:--r interactions as well as n---n
stacking using the NPh, or diethylamino (NEt,) group instead
of the NMe, or amino (NH,) group. In short, the weaker the
intermolecular interactions the higher the fluorescence in the
solid state.

4.2 Analysis of compounds 1-4

The data obtained in the present study partially parallel the
findings summarized above. We recall that the analysis of the
molecular packing revealed the following similarities within
the crystal structures presented in this work: the packing of 1-4
is characterized by n---n and CH---m interactions, while only
n- - -1 stacking is found in the 4(H) crystal. The intermolecular
interaction energy calculations of the corresponding dimers
(Table 2) indicated that the 1ba,, dimer exhibits much weaker
©- - -7 interactions than any of the dimers of 2, 3, 4, and 4(H) in
n- - -m stacked alignment. On the other hand, the T-shape n- - -1

This journal is © The Royal Society of Chemistry 2021
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stacked complexes of 1, 3, and 4aacy, exhibit similar inter-
molecular interaction energies to that found in the 1ba,,
dimer. This energetic analysis can be linked with the finding
that the crystal of 1, formed by C-H---t and weak m---m
interactions, possesses moderate @ The molecular packing
of 2, 3 and 4, exhibiting strong =---m stacking and several
CH- - -m interactions, leads to quenching of the fluorescence
in the solid state. However, the strong - - -1 interactions pre-
sent in the crystal of 4(H) do not have a detrimental effect on
fluorescence quantum yield and green emission is observed for
this crystal.’® In the case of 2, 3, and 4 one finds multiple
CH- - -m interactions involving fused benzene rings and the
hydrogen atoms of the dimethylamino group. It follows from
our comparative analysis of (1 vs. 2-4 and 4 vs. 4(H)) that these
additional interaction modes are detrimental as far as the
emission of the crystals is concerned. Based on our findings
we can propose that the strategy to tune photophysical proper-
ties of topologically similar dyes that aims at retaining high &
values in the solid-state should consider (i) changing the
dimethylamino group to diethylamino, which can reduce the
dense network of CH-:--m interactions; and (ii) using bulky
piperidine or dibutylamino moieties instead of the NMe, group
that can increase the spacing between aromatic rings, therefore
decrease the energy of m- - -n interactions.

5 Conclusions

In this work we have studied the emission properties of a series
of four fluoroborate organic dyes. These dipolar compounds
contain an electron-donating N(CH;), group and various
NBF,O-containing heterocyclic moieties acting as electron-
accepting units. The members of the series differ in the
number and positions of the fused benzene rings in the
heterocyclic part. These compounds exhibit strong emission
in solution, with fluorescence quantum yields exceeding 0.8 for
each member of the series in at least one of the solvents used,
regardless of the benzannulation type. The theoretical calcula-
tions performed on the isolated structures highlight the depen-
dence between the S; state energy and the ®r. The fluorescence
efficiency is quenched with decrease of the S;-S, gap, which
logically increases the rate constants for internal conversion.
This analysis is confirmed by the experimental data: a redshift
of the fluorescence maximum caused by an increase of the
solvent polarity induces a drastic decrease of the & for all
fluorophores. The increase of the dipolar character, achieved by
substitution by the N(CHj3), group and benzannulation,
enhances the photoinduced charge transfer nature and is an
effective strategy to tune the photophysical properties of these
dyes in solution, ie., it allows a redshift of the absorption
spectra without deterioration of the emission properties. More-
over, the present work clearly demonstrates that this is not an
effective strategy in the solid state, or more precisely, that more
refined strategies need to be used for maximizing the emission
brightness of the crystals. Indeed, only one crystal of the
studied series exhibits a significant emission. The various

This journal is © The Royal Society of Chemistry 2021
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benzannulation schemes yield substantial changes in the crys-
tal packing and new interaction types between the molecules in
the unit cells. More specifically, on passing from the parent
compound to its benzannulated derivatives one finds stronger
n---m stacking supplemented by multiple additional CH---nt
interactions involving the fused benzene rings and the hydro-
gen atoms of the dimethylamino group. It follows from our
comparative analysis that these new interactions are detrimen-
tal as far as emission from the crystals is concerned. The
strategy for tuning the photophysical properties of similar dyes,
aiming at retaining high @ values in the solid state, should
avoid combinations of moieties with multiple fused rings as
well as groups facilitating CH- - -n interactions.
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