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Two new boron-dipyrromethene (BODIPY) dyes 1b and 1c, bearing two uracil units at the 2,6-positions
and solubilizing alkyne groups at boron atoms, were synthesized and characterized. The UV/Vis absorp-
tion and fluorescence spectroscopic studies indicated that in nonpolar solvents these BODIPY dyes supra-
molecularly polymerized into J-aggregates, which exhibited outstanding optical properties, such as nar-
rowed absorption and emission bands with reduced fluorescence lifetime and increased quantum yields
with respect to that for monomers. The mechanism of the polymerization of 1b and 1c was analysed by
temperature- and concentration-dependent spectroscopy and studied with a nucleation—elongation
model. Measurements of concentration-dependent *H NMR and AFM demonstrated the H-bonding
directed self-assembly of J-aggregates of dyes 1b and 1c¢, which led to the formation of one-dimensional
nanowires of these dyes. Further molecular modelling studies and calculations based on exciton theory
indicated that the bulky alkyne substituents at boron atoms effectively hindered the close contact
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cular polymer chains could be crucial for the aggregation-induced emission enhancement (AIEE) for this
class of BODIPY dyes, as compared with the fluorescence quenching observed for the J-aggregates of
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Introduction

J-aggregates of functional dyes have been investigated exten-
sively in multidisciplinary research since their serendipitous
discovery in the 1930s." The most attractive features of these
dye aggregates are their remarkable optical properties caused
by strong excitonic coupling of the dye units and their appli-
cations in important fields such as artificial light harvesting®
and sensitization in colour photography.’ To form
J-aggregates, molecular packing with strong slippage of the
chromophores is crucial and supramolecular principles have
been adopted for rational control of the spatial arrangement of
the dye molecules. For example, amphiphilically modified car-
bocyanine dyes have been reported to form highly ordered
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BODIPY 1a bearing F atoms at boron in our previous report.

nanotubular or ribbon-like J-aggregates in early studies.* More
recently, Wiirthner et al. have developed a series of highly fluo-
rescent J-aggregates based on perylene bisimide dyes through
supramolecular design,” in which the head-to-tail alignment
of chromophores is directed by imide hydrogen-bonding inter-
actions. In a later report, this supramolecular strategy was suc-
cessfully applied for the construction of J-aggregates for
amine-substituted naphthalene-diimide by Fernandez and
Ghosh.® Nevertheless, only a very limited number of examples
with intriguing properties resembling those of cyanine dye-
based J-aggregates, i.e. the bathochromically shifted and shar-
pened narrower absorption band than that of the respective
monomers and enhanced fluorescence with reduced lifetime,
have been achieved so far.

Boron-dipyrromethene (BODIPY) dyes are a class of versatile
organic chromophores and have attracted research interest in
multiple fields.” The chemical structure of BODIPY dyes can
be facilely modified, yielding products with improved optical
and self-assembly properties.® Accordingly, considerable
efforts have been devoted towards constructing supramolecu-
lar materials, e.g. organogels,’ nanovesicles'® and liquid crys-
tals,"* by using BODIPY as building blocks. However, while
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Scheme 1 J-aggregation pattern of uracil-functionalized BODIPYs 1a,
1b, and 1c by H-bonding directed supramolecular polymerization along
with the transition dipole moments (red arrow) of the dye molecules.

many BODIPY dyes exhibit high fluorescence quantum yields
in dilute solutions, severe aggregation caused quenching
(ACQ) of fluorescence may still take place,'> even in the case
when typical 1D J-aggregates were formed, as observed for the
uracil-functionalized BODIPY dye 1a (Scheme 1) in our pre-
vious report.”®* Thus, the development of dye assemblies of
this class of BODIPYs without fluorescence quenching or with
aggregation induced emission enhancement (AIEE)'* is an
appealing objective owing to their potential application in
polarized luminescent materials"® or in other fields."

In the present work, we report two newly synthesized
BODIPY dyes 1b and 1c and their emission enhancement
induced by J-aggregation via supramolecular polymerization
directed by H-bonding interactions between the uracil groups
at both sides (2,6-positions) of the BODIPY core. Meanwhile,
the dyes 1b and 1c have solubilizing moieties containing mul-
tiple alkyl chains at the meso-position of the BODIPY core and
the boron atom, which improves the solubility of the dyes in
aliphatic solvents compared with the fluorine-unsubstituted
analogue dye 1a. This feature is crucial for the supramolecular
polymerization of 1b and 1c since it has been shown that the
H-bonding interaction is much stronger in nonpolar aliphatic
solvents, such as n-hexane, than in polar organic solvents."”
The optical and structural properties of the supramolecular
J-aggregates based on BODIPYs 1b and 1c were investigated by
spectroscopic and microscopic measurements as well as mole-
cular modelling to reveal the self-assembly mechanism and
elucidate the observed strong AIEE effect for these

J-aggregates.

Results and discussion

As shown in Scheme 2, the synthesis of BODIPY dyes 1b and
1c started from BODIPY 3 with iodo substituents at the 2,6-
positions.”” Dye 3 was reacted with the Grignard reagents
3,4,5-tridodecyloxyphenylacetylene and 1-dodecyne to provide
boron-substituted chromophores 2b and 2c, respectively.
Subsequently, the 6-ethynyl-1-n-octyluracil units were
appended on the 2,6-positions of the BODIPY core by
Sonogashira coupling to give BODIPY dyes 1b and 1c.

The UV/Vis absorption spectrum of 1b and 1c in CH,Cl, (¢t
=2.0 x 10~® M) exhibits typical spectroscopic features for mole-
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Scheme 2 The synthetic route for BODIPY dyes 1b, 1c. Reagents and con-
ditions: (a) 3,4,5-Tridodecyloxyphenylacetylene (1-dodecyne), C,HsBrMg,
THF, 60 °C, 6 h, 64%; (b) 6-ethynyl-1-n-octyluracil, Pd(PPhs),, Cul, TEA,
70°C, 4 h, 74%.
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Fig. 1 (a) UV/Vis absorption and fluorescence spectra (g = 350 nm) of
dye 1b in CH,Cl, (black, ¢t = 2.0 x 10~ M) and n-hexane (blue, ¢t = 2.0
x 107® M). (b) Temperature-dependent UV/Vis absorption spectra of
BODIPY dye 1b in n-hexane (cr = 2.0 x 10~® M). The arrows indicate the
spectra changing with the increase of the temperature from 277 to
333 K. Inset: Visual appearance of solutions of monomeric and aggre-
gated dye 1b under daylight.

cularly dissolved BODIPY dyes (Fig. 1a and Fig. S9f). For 1b,
the absorption band in the range of 540-600 nm was assigned
to the Sy-S; transition band (¢ = 1.5 x 10> M~ em™" at
557 nm). The fluorescence spectrum of 1b and 1c in CH,Cl,
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displayed a mirror-image relationship to the absorption spec-
trum. The absorption and emission spectra of 1b and 1c¢ in
CH,Cl, are highly comparable, indicating that the different
substituents at boron atoms have only minor effects on the
spectroscopic properties. In CH,Cl,, the fluorescence quantum
yields of the monomers of dyes 1b and 1c were determined to
be 0.42 and 0.39, respectively.

For a solution of dye 1b in n-hexane at the same concen-
tration as in CH,Cl, (¢ = 2.0 x 10~ M), the spectral character-
istics were obviously changed (Fig. 1a, blue lines). The
maximum absorption wavelength (1,,,) of BODIPY dye 1b in
n-hexane was shifted bathochromically to 591 nm as compared
with that in CH,Cl, while the molar absorption coefficient at
Amax Was largely increased to 2.4 x 10° M~" cm™'. Meanwhile,
the band around 591 nm is obviously sharper than the Sy-S;
band in DCM. Upon increasing the temperature of the solution
in n-hexane (Fig. 1b), the absorption band of 1b at 591 nm was
gradually decreased while a new band at 556 nm arose, which
resembled the S,-S; transition band of the molecularly dis-
solved 1b in CH,Cl,. In addition, an obvious colour change of
the solution from purple (aggregate) to pink (monomer) was
observed upon the increase in the temperature. All these
observations pointed to the formation of J-aggregates of 1b in
nonpolar n-hexane.

The J-aggregation of 1b in n-hexane was further confirmed
by fluorescence spectroscopic measurements. As shown in
Fig. 1a, the fluorescence spectrum displayed an approximately
mirror-image relationship to the J-band with an emission
maximum at 612 nm. Further temperature-dependent fluo-
rescence spectra (Fig. 2a) indicated the gradual transition from
the aggregated species to monomers upon heating. In
addition, for the methylcyclohexane (MCH) solution of dye 1b
as well as the n-hexane and MCH solutions of dye 1c, spectral
characteristics of J-aggregates comparable with that for 1b in
n-hexane were observed (Fig. S10-S157).

More interestingly, for both 1b and 1c, much brighter fluo-
rescence could be observed by the naked eye for the
J-aggregates than that of monomers under irradiation of UV
light, implying the occurrence of AIEE for these dyes (Fig. 2a,
insets). Accordingly, more photophysical properties, including
concentration-dependent  fluorescence  quantum yields
(Fig. S167) and fluorescence lifetimes (Fig. 2b and Fig. S17-
S207), were measured for dyes 1b and 1c in n-hexane as well as
MCH and the selected results are presented in Table 1.
Indeed, the J-aggregates of 1b and 1c exhibit much higher fluo-
rescence quantum yields than the monomers. For example,
the fluorescence quantum yields of the monomers of 1b in
diluted n-hexane solutions (cy = 1.0 x 1077 M) were measured
as 0.27. With the increase in the concentration, the fluo-
rescence quantum yields of 1b were gradually increased
respectively to 0.62 (cr = 4.0 x 10~° M). Meanwhile, the concen-
tration-dependent fluorescence spectra (Fig. S16bf) of 1b
exhibited bathochromically shifted emission bands that were
characteristic of the formation of J-aggregates. Similar trends
of the quantum yields at various concentrations were observed
for these dyes in MCH. These results indicate explicitly the
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Fig. 2 (a) Temperature-dependent fluorescence spectra of 1b in
n-hexane (ct = 2.0 x 10~% M). The arrows indicate the spectra change
with the increase in the temperature from 277 to 333 K. Inset: Visual
appearance of solutions of monomeric and aggregated dye 1b under a
UV lamp (365 nm). (b) Time-resolved fluorescence decay for aggregates
(cr=1.0x 107> M, Jgx = 350 NM, Agm = 612 Nm) and monomers (ct = 5.0
X 1078 M, Jgx = 350 nm, Agm = 572 nm) of 1b in n-hexane.

J-aggregation induced emission enhancement properties of
these dyes.

For the J-aggregates of dyes 1b and 1c, the pronounced
bathochromic shifts in the absorption and emission spectra
with an obviously narrowed band shape indicated the strong
excitonic coupling interactions between the aggregated
chromophores. For 1b, distinct fluorescence lifetimes of 3.7 ns
and 0.9 ns were measured for monomers and J-aggregates in
n-hexane, respectively. The decreased fluorescence lifetime is
indicative of enhanced radiative decay arising from the exci-
tonic coherence between the aggregated molecules. To esti-
mate the size of the coherent domain in J-aggregates, the
radiative decay rate constants (k) were calculated from k, = @/
7. Thus, & = 6.8 x 10° s~ and k™ = 7.3 x 107 s~ were evaluated
for J-aggregates and monomers of 1b respectively.
Furthermore, a coherent size'® of N ~ 9 for J-aggregates of 1b
can be estimated with N = K/kM. Similarly, the coherent size in
J-aggregates of 1c in n-hexane can be estimated to be ca. 4 dye
molecules. These results confirmed that the AIEE property of
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Table 1 UV/Vis absorption and fluorescence spectroscopic properties of BODIPY dyes 1b and 1c including the maximum absorption and emission
wavelengths for monomers (imon and Aemmon) and for aggregates (l.gg and Aem,agg) @s well as the fluorescence quantum yields and lifetimes for

monomers (Pmon and 7men) and for aggregates (P,q4 and 7aq4)

Dyes Solvent Amon/NM Aagg/mm Aem,mon/NM

Aem,agg/NM Drnon Doy Tmon/NS Tagg/NS

1b CH,CI, 557 N/A 578
1c CH,Cl, 555 N/A 568
1b n-Hexane 556 591 572
1c n-Hexane 555 590 570
1b MCH 559 588 578
1c MCH 558 589 570

J-aggregates of 1b and 1c is mainly caused by a superradiance
effect. It is worth noting that the mechanism of J-aggregation
induced emission enhancement observed for dyes 1b and 1c is
obviously different from that of the other AIEgens such as tet-
raphenylethene and silole derivatives, for which a mechanism
of restriction of intramolecular rotation (RIR) has been pro-
posed to explain the enhancement of fluorescence."’

To give further insights into the mechanistic and structural
aspects of the supramolecular polymerization of uracil-functio-
nalized BODIPY dyes 1b and 1c, detailed analysis of the spec-
troscopic data as well as morphological studies of the
J-aggregates were carried out. Based on the temperature-depen-
dent UV/Vis spectroscopic data (Fig. 1b and Fig. S10-S127), the
fraction of aggregated molecules (a,4,) versus temperature (T)
was evaluated (for details, see the ESIt) and further fitted with
the nucleation-elongation supramolecular polymerization
model (Fig. 3a).>° The a,g-T plots exhibited satisfactory
accordance with cooperative processes. For the aggregation
process of 1b in n-hexane (cr = 2.0 x 107° M), the critical
elongation temperature (7.) and molar enthalpy (AH,.) were
determined to be 330 K and —74.2 kJ mol™"' respectively
(Table 2). For dye 1c, lower T. (318 K) and AH. (—64.5 KkJ
mol™") were obtained at the same concentration, which indi-
cates that 1b has a stronger tendency for aggregation. The
dimensionless equilibrium constants (K,) of the activation
step at T. were determined to be 1.5 x 10> and 8.7 x 10™* for
1b and 1c respectively, implying a higher degree of cooperativ-
ity for the aggregation process of 1b. As a comparison, the
fitting results of the aug~T plots in MCH (cr = 1.0 x 107° M)
gave a similar trend to that in n-hexane, ie., 1b possesses a
higher T. and a smaller AH, than 1c (Table 2).

Moreover, concentration-dependent UV/Vis absorption
spectroscopic investigation was performed for BODIPY dyes 1b
and 1c and spectral changes comparable with those in temp-
erature-dependent studies were observed (Fig. S21 and S227).
By fitting the experimental data of g, versus concentration cr
with the Goldstein-Stryer model for nucleated supramolecular
polymerization (Fig. 3),'’>*' parameters including nucleus
size s, cooperativity factor ¢ and the elongation equilibrium
constant K were obtained (Table 2). These results corroborate
the cooperative mechanism of the self-assembly processes of
1b and 1c. For 1b, the aggregates in n-hexane could not fully
disaggregate to monomers at 298 K even upon diluting to a
concentration of 1.0 x 1077 M. Thus, the equilibrium constant

This journal is © the Partner Organisations 2021
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Fig. 3 (a) Plot of the molar fraction of aggregated molecules of 1b and
1c in n-hexane (ct = 2.0 x 107® M) and MCH (ct = 1.0 x 107° M) as a
function of the temperature and the fitting curves by applying the coop-
erative self-assembly model. (b) Plot of the molar fraction of aggregated
molecules of 1b and 1c in n-hexane and MCH as a function of the
dimensionless concentration Kgct and fitting curves by applying the
Goldstein—Stryer model.

of 1b in n-hexane was measured at 313 K and a Kg of 2.1 x 10°
M™" was obtained. In MCH, the K for the self-assembly of dye
1b is higher than that obtained for 1c¢, indicating that the
aggregates of 1b have higher stability, which is consistent with
the temperature-dependent spectroscopic studies. Moreover,
the Kg values of 1b and 1c in n-hexane are one order of magni-
tude higher than those in MCH, which is rational since the
relatively less polar n-hexane is beneficial for the inter-
molecular H-bonding interaction.>”

Org. Chem. Front, 2021, 8, 4078-4085 | 4081
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Table 2 Thermodynamic parameters for the self-assembly of 1b and 1c
including the critical elongation temperature (T,), molar enthalpy (AH,)
and dimensionless equilibrium constant (K,) obtained from tempera-
ture-dependent UV/Vis studies as well as the cooperativity factor (o), the
nucleus size (s) and the elongation equilibrium constant (Kg) obtained
from concentration-dependent UV/Vis studies

Dyes T./K AHJ/kJmol™ K, o° ¢ KoMt
1b* 330 —74.2 1.5x107°  0.006 2 2.1

1b? 334  —69.7 3.2x10™*  0.003 3 0.28

1c® 318 —64.5 8.7x107% 0.008 2 3.5

1c? 315 544 8.9x107° 0.003 2 0.12

@Measured in n-hexane. ? Measured in MCH. ¢ Data of 1b in n-hexane
are measured at T = 313 K while data of 1b in MCH and 1c in both sol-
vents are measured at 7= 298 K.

The H-bonding interactions between the 2,6-uracil groups
of adjacent dye molecules were characterized by concentration-
dependent "H NMR spectroscopy (Fig. S23 and 24t) in CDCl;.
For both dyes, significant concentration-dependency was
observed for the signal of imide-H. As shown by 1b, the signal
of imide-H displayed a constant downfield shift from 7.9 to
8.9 ppm while the dye concentration was gradually increased
from of 9.8 x 107> M to 1.3 x 10~> M, indicating the formation
of intermolecular hydrogen bonds between uracil groups.
According to a model developed by LaPlanche et al.,** associ-
ation constants of 410 M™* and 450 M~ ' in CDCl; were
obtained respectively for the H-bonding of dyes 1b and 1c. The
nearly identical association constants for the two dyes
suggested that the substituents at boron atoms have a minor
effect on the H-bonding interactions. The H-bonding directed
supramolecular polymerization often leads to the formation of
1D nanostructures, such as nanowires or nanofibers.>*
Accordingly, the nanomorphology of the J-aggregates for
BODIPY dyes 1b and 1c was characterized by atomic force
microscopy (AFM). The results indicated that 1b self-
assembled into nanowires with a width over 100 nm and a
height of ca. 4 nm (Fig. 4). The J-aggregates of 1c exhibited a
morphology similar to that of nanowires with a width of ca.
50 nm and a height of ca. 3 nm.

Based on mechanistic analysis and the structural character-
ization for the J-aggregates of BODIPY 1b and 1c, a schematic
illustration of the supramolecular polymerization process and
molecular packing is proposed, as shown in Fig. 4c. Driven by
the complementary intermolecular H-bonding interactions,
the dimeric nucleus was first formed in the nucleation process
and a subsequent elongation process gave the 1D H-bonding
polymers in solution. Accordingly, highly “slipped” J-type
arrangement of the transition dipole moments was obtained,
as indicated by the large bathochromic shifts for these aggre-
gates in  absorption and spectroscopic
measurements.

emission

To shed more light on the observed J-aggregation induced
emission enhancement for 1b and 1c, molecular modelling
and calculations based on molecular exciton theory were per-
formed to elucidate the molecular arrangement in the

4082 | Org. Chem. Front., 2021, 8, 4078-4085
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Fig. 4 AFM images of J-aggregates of BODIPY dyes (a) 1b and (b) 1c by
drop-casting n-hexane solution (cr = 1.0 x 107> M) on the mica surface
and cross-section analysis along the red lines. (c) Schematic illustration
of the formation of elongated 1D J-aggregates through the nucleation—
elongation mechanism.

J-aggregates of these dyes. For the geometry-optimized tetra-
meric aggregates of 1a—c (Fig. 5 and Fig. S257), it was observed
that the n—n distances between the planes of dipyrromethene
cores are significantly varied, confirming the difference in the
molecular arrangement for the J-aggregates of dyes 1a-c. The
chromophores of 1a exhibit close n-n stacking with a distance
of about 0.46 nm, whereas for 1b and 1c, this distance
increased to 0.88 and 0.75 nm, respectively. Meanwhile, the
experimental bathochromic shift of the absorption band for 1a
(-1469 cm™) is obviously larger than that for 1b and 1c
(=895 em™" and —957 cm™'), implying the stronger excitonic
coupling interactions of 1a in the n-n-stacking direction since
the center-to-center distance along the H-bonding direction of
the chromophores should be nearly identical for these dyes
(vide infra).

Furthermore, the spectral shift of the absorption band
upon J-aggregation was estimated by Kasha’s molecular
exciton theory®® based on the molecular modelling results. A
“brickwork” model is proposed for the molecular arrangement

This journal is © the Partner Organisations 2021


https://doi.org/10.1039/d1qo00520k

Published on 20 May 2021. Downloaded on 09/11/2025 2:43:38 PM.

Organic Chemistry Frontiers

a)

Top View

Front View

View Article Online

Research Article

b)

0.88 nm

Top View

Front View

Front View \

“Brickwork” molecular
arrangement of J-aggregate

i

1
1
1
1
1
1
1
1
1
1
1
1
:
| Top View
1

1

1

1

1

1

e e e e

Fig. 5 Geometrically optimized tetrameric aggregates for dyes (a) 1a and (b) 1b with the PM6-D3H4 method (for clarity, alkyls and hydrogen atoms
are omitted and the molecules are shown in grey and orange colours). (c) Schematic representation of the “brickwork” model and the geometrical
parameters that are considered for theoretical calculations with molecular exciton theory.

in J-aggregates of la-c (Fig. 5c¢), in which only the nearest
neighbour interactions were considered. Accordingly, one
molecule had excitonic coupling interactions with two
H-bonded neighbouring molecules and four n-m stacked
ones. The geometrical parameters for the estimation of spec-
tral shift in a “brickwork” model are presented in Fig. 5c,
where the parameters ry and r./r'; refer to the center-to-
center distances between two H-bonded or =n-n stacked
chromophores respectively while 6y and 0,/0'; refer to the
angles defined by the direction of the transition dipole
moment of one chromophore and the line connecting the
centers of two neighbouring chromophores. These geometri-
cal parameters for the J-aggregation of dyes la-c were
obtained from the structure-optimized tetrameric aggregates
and are listed in Table 3. As a result, the spectral shifts for

J-aggregation of 1a-c are estimated as Ad < —1371 cm™", Ad <
—895 ecm™, and AU < —957 ecm™ " respectively (for details, see
the ESIT), which are consistent with the experimental data of
these dyes obtained from UV/Vis spectroscopic measurements.
In the m—n-stacking directions, the calculated Av of 1b and 1c¢
(=718 em™" and —822 cm™") are much lower than that for 1a
(-=1276 em™), indicating that the bulky substituents on boron
can cause considerable steric hindrance to suppress the exci-
tonic interactions in the n-n stacking directions. Considering
the ACQ and AIEE effects observed for the J-aggregates of 1a and
1b & 1c respectively, one can speculate that the segregation
effect of bulky substituent groups is crucial to prevent the close
n-n contact as well as ACQ of chromophores and lead to
the J-aggregation-induced emission enhancement for dyes 1b
and 1c.

Table 3 The transition dipole moment of the monomers (u.4), geometrical parameters for molecular arrangements in J-aggregates of dyes la—c
from molecular modelling, and the calculated and experimental spectral shifts (Avc, and Avey)

Dyes Heg/D re/A Oul® r/A 0,/° /A 0'/° Abq/em™ Abg/em™
BODIPY 1a 7.9 23.6 6.0 8.1 37.3 17.3 15.5 -1371 —-1469
BODIPY 1b 10.9 23.7 5.2 17.2 30.7 12.6 40.7 —895 —-1065
BODIPY 1c¢ 9.4 23.4 5.7 13.3 34.3 13.1 33.7 —-957 —-1069

This journal is © the Partner Organisations 2021
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Conclusions

In this work, two new uracil-functionalized BODIPY dyes 1b
and 1c modified with bulky substituents on the boron atom
were synthesized and characterized. Through supramolecular
polymerization directed by intermolecular H-bonding inter-
actions between the uracil groups, these dyes assembled into
1D J-aggregates with intense, bathochromically shifted absorp-
tion and fluorescence bands in nonpolar solvents n-hexane
and MCH. Temperature- and concentration-dependent spectro-
scopic studies revealed the cooperative supramolecular
polymerization of 1b and 1c¢ with a nucleation-elongation
mechanism. Moreover, the fluorescence quantum yields of
J-aggregates of 1b and 1c were found to be significantly higher
than that of the monomers, indicating extraordinary AIEE pro-
perties that could be ascribed to the excitonic coupling
between aggregated molecules. Further structural characteriz-
ation revealed that the dyes 1b and 1c supramolecularly poly-
merized into nanowires through intermolecular H-bonding
interactions. Meanwhile, molecular modelling and calcu-
lations based on exciton theory indicated that the bulky substi-
tuent groups appended on boron atoms were able to largely
hinder the close contact between the n-faces of BODIPY
chromophores 1b and 1c. Accordingly, the combination of
H-bonding interactions along the transition dipole moments
and appropriate segregation of supramolecular polymer chains
was demonstrated to be an effective strategy for the design of
dye building blocks exhibiting both J-aggregation and AIEE
properties.
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