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Four donor-acceptor boron difluoride complexes based on the
carbazole electron donor and the [1,3,5,2]oxadiazaborinino[3,4-
a][1,8]naphthyridine acceptor were designed, synthesized, and
systematically spectroscopically investigated in solutions, in
dye-doped polymer films, and in the solid states. The dyes
exhibit an intense blue to red solid-state emission with photo-
luminescence quantum yields of up to 59% in pure dye
samples and 86% in poly(methyl methacrylate) films. All boron

complexes show aggregation-induced emission and reversible
mechanofluorochromism. The optical properties of these dyes
and their solid state luminescence can be tuned by substitution
pattern, i. e., the substituents at the naphthyridine unit.
Exchange of CH3- for CF3-groups does not only increase the
intramolecular charge transfer character, but also provides a
crystallization-induced emission enhancement.

Introduction

Organic dyes with solid-state emission (SSE)[1] have many
applications in material sciences,[2] bioimaging,[3] and
supramolecular chemistry.[4] Such dyes can be used as emitters
in optoelectronic devices, organic solid-state lasers, security ink,
optical probes, and sensors.[5] One SSE mechanism is aggrega-
tion-induced emission (AIE),[6] i. e., the introduction of a strong
luminescence enhancement due to the formation of dye
aggregates by luminogens that are non-emissive or barely
emissive in solution. The AIE phenomenon arises from a
restricted intramolecular motion (RIM) mechanism, which
includes both the restriction of intramolecular rotations (RIR)
and the restriction of intramolecular vibrations (RIV). As AIE is

related to dye aggregation in solution and the formation of dye
nanoparticles and the solid-state emission of organic materials
is considerably affected by intermolecular interactions,[7] molec-
ular packing in the crystalline state can significantly affect SSE.[1]

Systematic studies of organic materials revealing solid-state
emission reveal that SSE is closely associated with the molecular
arrangement, i. e., molecular packing and molecular conforma-
tion aspects.[8] Therefore, packing motifs such as π-π-stacking,
H- and J-aggregation, or halogen bonding, that can be
considerably influenced by substitution pattern, play essential
roles in SSE.[9] For example, to prevent π-π stacking, which
usually hampers SSE, bulky substituents are often used,[10] while
intermolecular hydrogen bonding involving an electron-rich
site (such as a halogen, oxygen, nitrogen, or sulfur atom) is
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known to be an effective way to stabilize the crystal structure of
organic materials exhibiting solid-state luminescence.[9b,11]

For some organic materials, such as (4-
biphenylyl)phenyldibenzofulvene, 1,2-diphenyl-3,4-
bis(diphenylmethylene)-1-cyclobutene, pyrrolidinylvinylqui-
noxaline derivatives, some boron diiminates, SSE is observed in
the crystalline state, but not or only very rarely in the
amorphous phase. This effect is referred to as crystallization-
induced emission (CIE) or crystallization-induced emission
enhancement (CIEE).[12] Nonetheless, the design of SSE materials
with an emission solely in the crystalline state is still challenging
and calls for an in-depth understanding of the prerequisites for
this mechanism. This is very important for the elaboration of
CIEE materials. The difference between aggregation and
crystallization-induced emission can be caused by different
intermolecular interactions including hydrogen bonding.[13]

Furthermore, some organic dyes can change their SSE proper-
ties upon the application of mechanical forces. This phenomen-
on is referred to as mechanochromic luminescence or in the
case of fluorescent materials, mechanochromic fluorescence
(mechanofluorochromism, MFC).[14] MFC results from mechan-
ically induced changes in the molecular conformation or/and
intermolecular interactions in the solid state.[15] However, the
development of highly emissive MFC materials still remains a
major challenge, especially for compounds with an orange and
red emission. MFC has been observed for different emitter
classes, such as tetraphenylethene[16] and triphenylamine
derivatives,[17] chalcones,[18] cyanostylbenes,[19] phenanthroimida-
zole derivatives,[20] cyclophanes,[21] organophosphonates,[22] and
boron difluorides.[11a,e,23]

Herein, we describe the synthesis of a set of donor-acceptor
substituted difluoroborine dyes 1–4 shown in Figure 1. These
dyes are boron complexes with carbazole and di-tert-butyl-
carbazole groups that bear a naphthyridineamide moiety.
Carbazole donors are often used in the design of solid-state
emissive compounds.[24] Meanwhile naphthyridine-fused oxadia-
zaborinine (1,1-difluoro-1H-1λ4,11λ4-
[1,3,5,2]oxadiazaborinino[3,4-a][1,8]naphthyridine) scaffold can

be used as a strong acceptor in the construction of red-emitting
dyes.[25] Multiple fluorine atoms were introduced into these dye
structures to enlarge the intermolecular hydrogen bonding
ability, thereby aiming for an increase in the solid-state photo-
luminescence quantum yield (Φ).

The obtained compounds have been thoroughly character-
ized. This included the assessment of the intermolecular
interactions in the solid state of the dyes 1–4 to better
understand the underlying photophysics also in the aggregate
state. In addition, to obtain in-depth information on the
electronic structure of boron complexes 1–4, density functional
theory (DFT) and time-depended DFT (TD-DFT) calculations
were performed. We then assessed the spectroscopic properties
of the dyes in liquid solutions, followed by spectroscopic
studies of the non-aggregated dyes in more rigid polymer
matrices. Then, dye aggregation was explored using THF-water
mixtures of varying water content, a solvent, in which the dyes
are not soluble. Finally, we studied the photophysics of these
fluorophores in the solid states and under influence of
mechanical forces.

Results and Discussion

Synthesis and X-ray crystal determination

The synthesis of the boron complexes 1–4 is given in section 2
of the Supporting Information (SI). All boron complexes and
precursors were thoroughly characterized by 1H, 13C, and 19F
NMR, and high-resolution mass spectrometry (HRMS).

The structures of the crystals of compounds 1–4, obtained
from (cyclo)hexane/dichloromethane solutions of the dyes,
were confirmed by single-crystal X-ray diffraction studies (Fig-
ure S1–S8 in the SI). Compounds 1, 3, and 4 form monoclinic
crystals of space groups I2/a, P21/c, and P21/c corresponding to
eight, four, and four molecules per unit cell, respectively. Boron
complex 2 crystallizes in the triclinic space group P-1 with two
molecules per unit cell (see Tables S1–S2 in the SI). All
compounds show a twisted structure in the crystalline state.
The C12-N1-C13-C18 torsion angles between the carbazole unit
and phenylene linker of 1, 2, 3, and 4 amount to 43°, � 33°, 43°,
and � 45°, respectively; while the C15-C16-C19-N2 torsion
angles between the phenylene linker and the oxadiazaborinine
ring show values of about � 7°, 12°, � 12°, and 7° (Figures 2a,
3a, 4a, 5a, and Table S3 in the SI).

In the crystalline state, compound 1 forms a dye-dichloro-
methane solvate (with a ratio 1 :1). The dye molecules are
organized with a “head-to-tail” orientation and are connected
to each other by weak n-π/π-π intermolecular interactions (a=

3.322 Å; b=3.469 Å, Figure 2c) and relatively strong C� H···F
hydrogen bonds (c=2.693 Å, d=2.471 Å, Figure 2d). Addition-
ally, molecules 1 interact with dichloromethane molecules by
C� H···Cl (e=3.065 Å; f=2.935 Å, g=3.000 Å, Figure 2e), C� H···F
(h=2.651 Å, i=2.637 Å, j=2.436 Å, Figure 2e), C� H···N (k=

2.686 Å, Figure 2f) hydrogen bonds.
Crystals of derivative 2 contain disordered solvent mole-

cules. Neighbouring dye molecules are also organized in aFigure 1. Boron complexes 1–4.
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“head-to-tail” orientation, forming column-like structures by
weak n-π/π-π intermolecular interactions (a=3.594 Å; b=

3.528 Å, Figure 3c), and relatively strong H-π interactions (c=

2.679 Å, Figure 3d) and C� H···F intermolecular hydrogen bonds
(d=2.544 Å, Figure 3d).

The molecular packing of compound 3 is characterized by
weak π-π interactions between the carbazole units of neigh-
bouring molecules (a=3.204 Å, Figure 4c), relatively strong F-π
(b=2.938 Å, Figure 4d) and F···F (c=2.971 Å, Figure 4d) inter-
actions, as well as multiple C� H···F hydrogen bonds (d=

2.553 Å, e=2.605 Å, f=2.708 Å, g=2.605 Å, h=2.661 Å, Figur-
es 4e and 4 f).

The molecular packing of dye 4 (Figure 5) is affected by the
simultaneous presence of the bulky tert-butyl and trifluoro-
methyl groups. The dye molecules form monosolvates with
cyclohexane by very weak van der Waals interactions. While the
interaction between dye molecules 4 occurs by very small

Figure 2. Single crystal analysis of structure 1: top (a) and front (b) views;
intermolecular interactions: n-π and π-π interactions (hydrogen atoms are
omitted for clear view) (c); C� H···F hydrogen bonds (d); C� H···Cl hydrogen
bonds (e); C� H···F and C� H···N hydrogen bonds (f).

Figure 3. Single crystal analysis of structure 2: top (a) and front (b) views;
intermolecular interactions: n-π and π-π interactions (hydrogen atoms are
omitted for clear view) (c); H-π interactions and C� H···F hydrogen bonds (d).

Figure 4. Single crystal analysis of structure 3: top (a) and front (b) views;
intermolecular interactions: π-π interactions (hydrogen atoms are omitted for
clear view) (c); F-π and F···F interactions (hydrogen atoms are not shown for
clear view) (d); C� H···F hydrogen bonds (e, f).

Figure 5. Single crystal analysis of structure 4: top (a) and front (b) views;
intermolecular interactions: n-π/π-π interactions (hydrogen atoms are
omitted for clear view) (c); F-π interactions (hydrogen atoms are not shown
for clear view) (d); H-π interactions, C� H···F and C� H···N hydrogen bonds (e).
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degree of n-π/π-π interactions (a=3.350 Å, Figure 5c), stronger
F-π interactions (b=2.830 Å, c=3.031 Å, Figure 5d), weak H-π
interactions (d=3.037 Å, e=3.107 Å, Figure 5e), as well as, by
strong C� H···F (f=2.380 Å, Figure 5e) and weak C� H···N (g=

2.938 Å, Figure 5e) hydrogen bonds.
Overall, the analysis of crystal packing of the dyes 1–4

clearly demonstrates that due to the higher number of fluorine
atoms (from the CF3 and BF2 groups), molecules 3 and 4 show
smaller n-π/π-π interactions (see also Figure S9-S12 in the SI)
and stronger hydrogen bond interactions, compared to the CH3

derivatives 1 and 2. It should be stressed, that this difference in
the intermolecular interactions significantly influences the solid-
state photophysical properties of the dyes presented in one of
the following sections.

To determine the thermal stability of compounds 1–4,
thermogravimetric analysis (TGA) was performed under nitro-
gen atmosphere in a temperature range of 25–800 °C with a
heating rate of 10 °C/min (Figures S13 and S14 in the SI). All
boron complexes 1, 2, 3, and 4 show a remarkable thermal
stability with decomposition temperatures (Td) of 340 °C, 318 °C,
319 °C, and 327 °C, respectively.

Quantum chemical calculations

To obtain in-depth information on the electronic structure of
the boron dyes 1–4, DFT and TD-DFT calculations were
performed at a M06/def2svp level of theory. The solvation in
toluene was considered through the conductor-like polarizable
continuum model (Figure 6, Table S4 in the SI). The ground-
state molecular geometries are characterized by torsion angles

between the carbazole unit and para-phenylene linker (Θ1) of
45.2–52.6°, while the position of the naphthyridino-oxadiaza-
borinine unit with the para-phenylene linker is almost coplanar
with angles Θ2 of 0–0.4°. These data correlate well with the
single-crystal X-ray data (Figures 2–5). The charge of the highest
occupied molecular orbital (HOMO) is mainly located on the
carbazole unit, confirming its donor role in these donor-
acceptor substituted molecules. The lowest unoccupied molec-
ular orbitals, LUMO and LUMO+1, are distributed on the planar
naphthyridino-oxadiazaborinine unit conjugated with the para-
phenylene linker, with an essential shift to the naphthyridine
part in the case of LUMO, especially for molecules 3 and 4.
These molecular orbital distributions confirm the strong accept-
or role of the naphthyridino-oxadiazaborinine unit.

The TD-DFT calculations show that the lowest-energy
absorption bands of the investigated dyes correspond to the
S0!S1 transition, which is characterized by a relatively high
oscillator strength values of f=0.568, 0.550, 0.377, and 0.411 for
molecules 1, 2, 3, and 4, respectively. Interestingly, the S0!S1
excitation has mainly HOMO!LUMO character for compounds
3 and 4, and mixed HOMO!LUMO/HOMO!LUMO+1 charac-
ter for analogues 1 and 2. The electron distributions on HOMO,
LUMO and LUMO+1 (Figures 6 and Table S4 in the SI) indicate
that the lowest-energy absorption band can be attributed to
the intramolecular charge transfer (ICT) transition.

Photophysical properties in solutions

The absorption and photoluminescence properties of dyes 1–4
were first studied in toluene using a dye concentration c of

Figure 6. Optimized ground-state structures and HOMO, and Franck-Condon LUMO and LUMO+1 of compounds 1–4.
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1×10� 5 M. The lowest-energy (S0!S1 transition) absorption
bands peak at 412 nm, 427 nm, 451 nm, and 474 nm for dyes 1,
2, 3, and 4, respectively (Figure 7). These data correlate well
with the theoretical calculations (Table S4 in the SI).

The photoluminescence properties of the compounds in
toluene are affected by the electron donor/acceptor strengths
of the carbazole/oxadiazaborinino-naphthyridine units. Com-
pounds 1 and 2 with CH3 substituents at the naphthyridine unit
show a very intense fluorescence with emission maxima at
467 nm and 488 nm, and fluorescence quantum yields Φ of
0.78–0.79. The emission decay kinetics of the toluene solutions
of both dyes are monoexponential and provide lifetimes (τ)
ranging from 3 ns to 7 ns. The rate constants for radiative (kr)
deactivation amount to 2.56×108 s� 1 and 1.85×108 s� 1 for dyes 1
and 2, thereby exceeding the corresponding constants for non-
radiative (knr) deactivation of 6.8×107 s� 1 and 5.2×107 s� 1

(Table S5 in the SI) by a factor of more than 3.5. In the case of
the CF3-modified derivatives 3 and 4, the emission bands are
bathochromically shifted to 560 nm and 597 nm, and the
fluorescence quantum yields are decreased to 0.53 and 0.21.
The value of knr of 6.9×10

7 s� 1 is comparable with that of kr of
7.8×107 s� 1 for 3 in toluene and increased for the toluene
solution of compound 4 (knr=2.04×108 s� 1, kr=5.4×107 s� 1). This
suggests that the increasing acceptor strength of the naphthyr-
idine unit, and the accordingly increased donor-acceptor
character in compounds 1–4 accounts for the red shift of the
emission spectra and the concomitant increase of the non-
radiative depopulation of the excited singlet state of the dyes.

To shed more light on the luminescence features of dyes 1–
4 the absorption and photoluminescence spectra of these
compounds were subsequently explored in different solvents of
varying polarity, i. e., hexane, chloroform, dichloromethane,
acetone, and acetonitrile (Table S5 and Figures S15-S22, see SI).
These studies reveal that the absorption spectra of the dyes are
not significantly affected by solvent polarity. An increase in
solvent polarity causes a slight hypsochromic shift of the
absorption band, which is most pronounced for acetone and
acetonitrile solutions. Only in apolar hexane, a slight vibrational

fine structure of the absorption spectra can be observed.
Contrary, the emission properties of dyes 1–4 are significantly
influenced by solvent polarity.

In hexane, as the least polar solvent used here, the emission
maxima λem of all dyes are hypsochromically shifted, yielding
λem values of 424 nm, 442 nm, 478 nm, and 513 nm for dyes 1,
2, 3, and 4, respectively, in comparison to the respective
emission maxima in toluene solutions. The Φ values range from
0.70 to 0.81, making even the CF3 derivatives 3 and 4 highly
emissive in this apolar solvent. The lifetimes range from 1.77 ns
for compound 1 to 6.29 ns for dye 4 (Table S5 in the SI), thereby
increasing with increasing CT character of the dye. This yields kr
values of the dyes in the order of 1 (3.95×108 s� 1) > 2
(3.25×108 s� 1) > 3 (1.98×108 s� 1) > 4 (1.29×108 s� 1). While the knr
values are much smaller for each dye solution (1.69×108 s� 1,
7.6×107 s� 1, 5.9×107 s� 1, and 3.0×107 s� 1 for compounds 1, 2, 3,
and 4, respectively).

In more polar solvents, the emission bands of all boron dyes
lose their fine structure and undergo considerable bathochro-
mic shifts with a concomitant decrease of the Φ value. Thus, in
medium polar chloroform/dichloromethane solutions, the emis-
sion maxima shift to 510/542 nm and 553/589 nm for CH3-
derivatives 1 and 2. The corresponding Φ values decrease to
0.46/0.37 and 0.39/0.14. While the lifetimes of the excited state
are in the range of 3.9–7.3 ns. As a consequence, the rate
constants for the non-radiative deactivation (9.6×107 s� 1 and
8.4×107 s� 1 for chloroform solutions, and 8.6×107 s� 1 and
2.29×107 s� 1 for dichloromethane solutions of boron complexes
1 and 2, respectively) are slightly higher than the corresponding
radiative constants (8.2×107 s� 1 and 5.3×107 s� 1 for chloroform
solutions, and 5.1×107 s� 1 and 3.6×107 s� 1 for dichloromethane
solutions of compounds 1 and 2, respectively). In sharp
contrast, the solutions of CF3-analogus 3 and 4 in chloroform/
dichloromethane demonstrate a miserable fluorescence effi-
ciency (Φ�0.02) accompanied by large bathochromic shifts
(λem=619/655 nm and 657/617 nm for dyes 3 and 4, respec-
tively, Table S5 in the SI).

Figure 7. Absorption (a) and emission (b) spectra of compounds 1–4 in toluene.
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This tendency is even more pronounced in the case of high-
polar acetone and acetonitrile solutions. Compounds 1 and 2
show a large red shift of the emission spectra (λem=578/
605 nm and 612/630 nm, respectively in acetone/acetonitrile
solutions) with weak photoluminescence quantum yields (0.06/
0.01 and 0.02/<0.01) and low lifetimes of the excited state
(1.31/0.31 ns and 0.38/0.43 ns, respectively). This corresponds to
much increased non-radiative decay constants (knr=0.7×109/
3.2×109 s� 1 and 2.6×109/>2.3×109 s� 1) exceeding the respective
radiative decay rates (kr=4.6×107/3.2×107 s� 1 and 5.3×107/<
2.3×107 s� 1). Meanwhile, CF3-analogues 3 and 4 are basically
non-emissive in acetone and acetonitrile solutions (Table S5 in
the SI).

The bathochromic shifts of the emission bands with
increasing solvent polarity indicate that the excited state (ES)
dipole moment is larger than the dipole moment in the ground
state (GS). This could suggest the formation of non-emissive
twisted intramolecular charge transfer (TICT) states,[26] especially
for compounds 3 and 4 in polar solvents. A simplified Jablonski
diagram is depicted in Figure 8 that roughly explains the
spectral shifts in absorption and emission observed for dyes 1–
4 as a function of solvent polarity.

More information about the absorption and emission
properties of boron complexes 1–4 in solutions is presented in
section 6 of the SI.

Photoluminescence properties in polymeric matrix

Having in hand the photophysical properties of compounds 1–
4 in solutions, we decided to investigate also their luminescent
properties in a rigid matrix, in which the intramolecular
rotations of the dye molecule are restricted. As the matrix, low-
polar transparent poly(methyl methacrylate) (PMMA) was
selected. To suppress intermolecular interaction between the
dye molecules, we used a small percentage of the emitter in

the PMMA matrix film. To achieve this, the neat films were
prepared by doping 1% of a dye in PMMA using spin-coating
techniques.

The emission properties of such films can be compared with
those of low-polar toluene solutions. Thus, the doped films of
dyes 1, 3, and 4 demonstrate hypsochromically shifted emission
peaks (λem=461 nm, 541 nm, and 559 nm for dyes 1, 3, and 4,
respectively), while the analogical film of compound 2 exhibits
bathochromically shifted broader peak maximized at 502 nm
(Figure 9) in comparison with corresponding toluene solutions.
While the photoluminescence quantum yield values of these
films (Φ=0.82, 0.86, 0.71, and 0.43 for dyes 1, 2, 3, and 4,
respectively) are higher than those of the toluene solutions. The
average lifetimes of the dye-doped PMMA samples are
determined to be 3.4 ns, 5.5 ns, 8.2 ns, and 7.4 ns for boron
complexes 1, 2, 3, and 4, respectively. This results in the
increase of the kr value and the decrease of the knr values as
compared with those of toluene solutions of all four dyes
(Tables S5 and S6 in the SI).

Thereby due to the efficient RIR, the radiative processes in
the dye-doped PMMA films are much higher than those in the
corresponding diluted toluene solutions. This data demon-
strates that the investigated dyes are highly emissive also in
diluted rigid environments.

Aggregation-induced emission

To examine the occurrence of AIE, the photophysical properties
of dyes 1–4 were investigated in THF-water mixtures containing
different volume fractions (fw) of water.

As follows from Figure 10 and Figure S30 in the SI, for fw
increased from 0 to 20%, compounds 1 and 2 show a drastic
decrease of their emission intensity accompanied by a bath-
ochromic shift in the emission bands. This behaviour correlates
with the assumed CT character of these dyes, since the
increasing water amount in the THF/water mixture results in an
increase of the polarity of the dye microenvironment. However,

Figure 8. Simplified Jablonski diagram for dyes 1–4. (GS – ground state; ES –
excited state; CT- charge transfer; FC ES – Franck-Condon excited state; FC
GS – neutral Franck-Condon ground state).

Figure 9. Photoluminescence spectra of doped thin films of compounds 1–4
in PMMA (1% of dye).
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for dye solutions with fw�70%, we observed a different
behaviour, i. e., an increase of the fluorescence intensity
together with a hypsochromic shift of the emission band. These
observations are ascribed to the AIE, and the formation of dye

aggregates. Compound 2, with its bulky tert-butyl substituents,
shows a more pronounced AIE effect compared to dye 1. The
emission maximum of the higher aqueous sample of boron
complexes 1 (λem=496 nm) is analogical to that of its crystalline

Figure 10. a, c, e: Fluorescence spectra of solutions of dyes 2 (a, λex=414 nm) and 4 (c, λex=450 nm; e, λex=375 nm) in THF/water mixtures of varying water
content. The dye concentration used was 1.0×10� 5 M. b, d, f: Plots of emission intensity (black) and emission maximum (red) of dyes 2 (b, λex=414 nm) and 4
(d, λex=450 nm; f, λex=375 nm, for first higher-energy emission peak) versus fw.
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sample (see Table 1 in the next section), indicating the
formation of microcrystals during the aggregation in THF/water
environment. In contrast, the emission peak of tert-butyl
analogue 2 in THF/water sample with fw=95% is maximised at
543 nm, which is the mean between the corresponding values
of crystalline (λem=529 nm) and amorphous (λem=557 nm)
samples of this dye (see Table 1). This can indicate that during
the aggregation compound 2 forms the mixed crystalline/
amorphous particles.

The CF3 derivatives 3 and 4, which represent weak emission
in medium-polarity solvents, show a slight decrease of the
fluorescence with a change in solvent polarity for THF and THF/
water mixtures (fw=10–60%). This is in line with the solvato-
fluorochromic effect, described above. When the water fraction
is increased above 70%, the fluorescence intensity increases,
and the emission maximum is bathochromically shifted from
543 nm to 601 nm for dye 3 (Figure S30c,d in the SI) and from
612 nm to 614 nm for dye 4 (Figure 10c,d). This supports also
AIE for these boron complexes. However, contrary to dyes 1
and 2, in the case of compounds 3 and 4, the AIE-related
fluorescence intensity enhancement is much lower. This is
tentatively ascribed to an unfavourable molecular conformation
and intermolecular interactions in the dye particles formed
upon dye aggregation in solutions with a high water fraction.
This seems to be favoured by the larger molecular dipoles of
the CF3 derivatives. The luminescence maxima of the highly
aqueous samples of these two compounds are approximated to
those of corresponding amorphous solid samples (λem=609 nm
and 620 nm for dyes 3 and 4, respectively), indicating the
amorphous nature of the formed aggregates.

Interestingly, the excitation of compounds 3 and 4 dissolved
in THF/water mixtures of varying water content at the second

absorption peaks (λex=370 nm for dye 3 and λex=375 nm for
dye 4) results in a blue shift of the emission, located at λem=

430-440 nm for dye 3 and λem=428-436 nm for dye 4. The
intensity of this higher-energy emission increases with increas-
ing water amount up to a water fraction of 60% and drastically
decreases when the dye molecules start to aggregate (fw=70-
95%). This effect was not observed for CH3 derivatives 1 and 2.

Photophysical properties in the solid state

At first, we investigated the solid-state luminescence properties
of boron complexes 1–4 in crystalline samples. In the pristine
crystalline state compounds 1 and 2 show a broad emission
centred at 496 nm and 529 nm, respectively. Crystalline CF3
derivatives 3 and 4 show bathochromically shifted emission
spectra with maxima at 569 nm and 576 nm, respectively
(Figure 11). The Φ values of these samples were determined to
0.30, 0.17, 0.18, and 0.34 for compounds 1, 2, 3, and 4,
respectively (Table 1).

Next, we investigated the influence of mechanical forces on
the SSE properties. The pristine crystalline samples were ground
by hand with a spatula, and the emission spectra were
recorded. All ground samples revealed red-shifted emission
spectra with respect to those of the initially untreated
crystalline samples. Additionally, the Φ values of the ground
CH3-containing compounds 1 and 2 increased to values of 0.59
and 0.39. The CF3-modified complexes 3 and 4 revealed the
opposite behaviour, i. e., a considerable decrease of Φ to values
of 0.03 and 0.05. Of note, the average excited state lifetime of
the solid samples were increased in the case of CH3-containing
compounds (from 1.12 ns to 2.85 ns, and from 2.41 ns to
3.53 ns, for dyes 1 and 2, respectively) and decreased in the
case of CF3-derivatives (from 47.96 ns to 4.98 ns, and from
8.29 ns to 2.44 ns for dyes 3 and 4, respectively) after grinding.
This suggests that the incorporation of additional fluorine
atoms (dyes 3 and 4) in the structure of the investigated
fluorophores reverses the ratio of radiative/non-radiative proc-
esses before and after grinding.

Interestingly, in the presence of dichloromethane (DCM)
vapour, we observed the recovery of the initial SSE properties
of the samples. The samples treated with DCM vapour
demonstrated almost identical emission spectra as the initially
used crystalline samples prior to grinding (Figure 11), and the
same Φ values.

Subsequently, we assessed the reversibility of the MFC-
induced changes in fluorescence of all four dyes under repeated
ground/DCM-fuming cycles (Figure S36, the SI). This suggests
the occurrence of CIEE in the case of compounds 3 and 4, in
contrary to analogues 1 and 2. More details about the photo-
luminescence properties of compounds 1–4 in the solid-state
are located in section 9 of the SI.

To elucidate the SSE properties of 1–4, we performed
powder X-ray diffraction (PXRD) measurements of the pristine
crystalline and, ground samples and the samples treated with
DCM fume (Figure S38 in the SI). The analysis of PXRD patterns
reveals the occurrence of crystalline-to-amorphous and amor-

Table 1. Photoluminescence properties of dyes 1–4 in the solid states.

Dye State λem, nm[a] Φ[b] τ, ns[c]

1 Crystalline 496 0.30 1.12[d]

Ground 537 0.59 2.85[d]

DCM-fumed 498 0.23 2.25[d]

Non-doped film 541 0.08 10.2[d]

2 Crystalline 529 0.17 2.41[d]

Ground 557 0.39 3.53[d]

DCM-fumed 529 0.15 2.37[d]

Non-doped film 557 0.13 1.2[d]

3 Crystalline 569 0.18 47.96[d]

Ground 609 0.03 4.98[d]

DCM-fumed 566 0.06 17.35[d]

Non-doped film 614 0.02 5.5[d]

4 Crystalline 576 0.34 8.29[e]

Ground 620 0.05 2.44[e]

DCM-fumed 571 0.21 4.54[e]

Non-doped film 633 0.01 3.7[e]

[a] Emission maximum. [b] Photoluminescence quantum yield. [c] Average
excited-state lifetime. [d] Excited at 375 nm. [e] Excited at 450 nm.
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phous-to-crystalline morphological transitions during the grind-
ing and DCM-fuming processes. This suggests that to induce
the SSE of dyes 3 and 4, well-aligned molecular packing is
required which suppresses bond rotations. On the contrary, in
the case of compounds 1 and 2, the SSE is more intense in the
amorphous state; hence, SSE enhancement factor is the break-
ing of intermolecular interactions. Given that the crystal packing
of compounds 3 and 4 includes stronger hydrogen bond
interactions and smaller n-π/π-π interactions in comparison to
those o CH3 analogues 1 and 2 (Figures 2–5), we conclude that
the SSE properties of such dyes can be tuned by the fluorine
atoms. Despite the fact that the incorporation of CF3 groups in
the molecular structure drastically decreases the luminescence
in solutions because of the increase of acceptor character of
naphthyridino-oxadiazaborinine unit, it plays the opposite role
in the crystalline state: due to the ability to form multiple
C� H···F hydrogen bond interactions, fluorine atoms stabilize the
molecular packing without a significant n-π/π-π interactions and
increase the SSE.

Finally, we examined non-doped films of these dyes. The
emission spectra of the non-doped films of compounds 1–4

reveal emission bands at 541 nm, 557 nm, 614 nm, and 633 nm,
respectively, and are almost identical with the emission spectra
of the corresponding ground samples (Figure 11). These results
suggest that in the non-doped films the compounds are in the
amorphous state.

Conclusion and outlook

We designed, synthesized, and spectroscopically investigated
four donor-acceptor boron difluoride dyes 1–4 constituted of a
carbazole electron donor and a [1,3,5,2]oxadiazaborinino[3,4-
a][1,8]naphthyridine acceptor. Spectroscopic studies of these
dye molecules in aprotic solvents of varying polarity reveal a
red shift in the emission spectra and a diminution in
fluorescence intensity in acetone and acetonitrile solutions. The
solid-state luminescence of the dyes can be tuned by
intermolecular interactions, especially C� H···F hydrogen bond-
ing. Apparently, the presence of CF3 groups in compounds 3
and 4 is responsible for the crystallization-induced emission
enhancement observed for these dyes. Overall, our work sheds

Figure 11. Normalized emission spectra of compounds 1 (a), 2 (b), 3 (c) and 4 (d) in pristine crystalline (black), ground (blue), and DCM-fumed (red) states, as
well as non-doped thin films (magenta). Inset: the photographs of pristine crystalline and grinded solid samples of compounds 1–4 under a 375 nm UV light
illumination.
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new light on the design of CIEE and AIE phenomena. To further
deepen our understanding of the photophysics of this dye class,
new boron difluoride dyes consisting of triarylamine donor
groups and [1,3,5,2]oxadiazaborinino[3,4-a][1,8]naphthyridine
acceptors are currently being prepared for further spectroscopic
studies and applications in functional materials.
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Four solid-state luminescent donor-
acceptor boron difluoride complexes
based on the carbazole electron
donor and
[1,3,5,2]oxadiazaborinino[3,4-
a][1,8]naphthyridine acceptor were
designed and synthesized. These dyes

exhibit aggregation-induced emission
and reversible mechanofluorochrom-
ism. The incorporation of CF3-groups
into naphthyridine unit provide the
crystallization-induced emission
enhancement of the dyes.
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