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Abstract: We report the synthesis, characterization, and self-assembly behavior of a 4,4-Difluoro-4-bora-
3a4a-diaza-s-indacene (BODIPY) dye functionalized at the meso-position with a butyric acid group. Various
spectroscopic investigations (UV-Vis, emission, and Fourier-transform infrared spectroscopy (FTIR) studies)
supported by X-ray analysis revealed the formation of self-assembled structures in the solid state with
translationally stacked BODIPY units driven by hydrogen bonding between the carboxyl groups.
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1. Introduction

4 4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes are a well-known class of functional
dyes with superior optical, photophysical, and electronic properties [1,2]. The planar and sterically
accessible nature of the BODIPY core anticipates its involvement in non-covalent interactions
via stacking of the dipyrromethene core. In contrast to other multiple classes of organic dyes and
m-conjugated molecules, the supramolecular chemistry of BODIPY dyes has remained considerably
less explored. The past 10-15 years, however, have witnessed an increasing interest in the design and
construction of self-assembled structures, mesophases, and solid-state materials based on BODIPY
dyes. A recent review by Ajayaghosh and co-workers nicely illustrates the developments in the
field [3]. For instance, examples of BODIPY-based liquid crystals [4,5], nanoparticle assemblies [6-8],
mechanically-driven Near-Infrared (NIR) emitters [9], and supramolecular polymers [10-12] have been
reported. A particularly interesting approach is the introduction of hydrogen bonding units that can
operate orthogonally to stacking interactions [13,14], which often results in ordered supramolecular
structures. In this regard, our group has recently shown that amide groups can, indeed, increase
the stability of supramolecular assemblies of BODIPY dyes both in nonpolar [15] and aqueous
media [16,17] via cooperative hydrogen bonding interactions.

In this manuscript, we examine the influence of carboxyl groups on the self-assembly behavior of
BODIPY dyes in the solid state. For this purpose, we have investigated a BODIPY dye substituted with
a butyric acid residue at the meso position (compound 1 in Scheme 1). We envisaged that this relatively
bulky substituent may induce the formation of emissive assemblies via the formation of translationally
slipped m-stacks, whereas dimerization of the carboxyl groups are expected to further stabilize the
assembly via intermolecular hydrogen bonds.
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Scheme 1. Synthesis of compound 1.

2. Experimental Section

2.1. Materials and Methods

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), TCI Europe N.V. (Tokyo, Japan)
or Alfa Aesar (Ward Hill, MA, USA) and used without further purification. Dichloromethane was first
pre-dried over CaCl, and then distilled over P,Os under argon atmosphere. 'H-NMR spectra were recorded
on an Agilent DD2 600 at 298 K using partially deuterated solvents as internal standards. Coupling constants
(J) are denoted in Hz and chemical shifts () in ppm. Multiplicities are denoted as follows: s = singlet,
d = doublet, t = triplet, m = multiplet. Chemical shifts are given in ppm relative to TMS (*H, 0.0 ppm). UV/Vis
absorption spectra were recorded on a Jasco V-770 (JASCO, Tokio, Japan) or a Jasco V-750 (JASCO, Tokio, Japan)
spectrophotometers, both equipped with peltier cells and Julabo F250 JULABO GmbH, Seelbach, Germany)
water circulation units. Fluorescence spectra were recorded on a Jasco FP-8500 (JASCO, Tokio, Japan)
spectrofluorometer equipped with the same water circulation unit. Infrared spectra were measured on
a Jasco FTIR-4600LE (JASCO, Tokio, Japan).

2.2. Synthesis

Compounds 1 and 2 were prepared according to previously reported literature procedures and
showed identical properties to those reported herein [17].

2.2.1. Synthesis of Compound 2

In a 250 mL round bottom flask, glutaric acid monoethyl ester chloride (3.2 mL, 22 mmol) was
added and dissolved in dry CH,Cl, (50 mL). After cooling the solution to 0 °C, 2,4-dimethylpyrrole
(5.0mL, 47.6 mmol) was added dropwise under argon atmosphere. Afterwards, the darker solution was
stirred for 20 min at 0 °C and additional 30 min at room temperature. The solution was subsequently
cooled to 0 °C in an ice-bath and distilled EtzN (9.25 mL, 66 mmol) was then added slowly and stirred at
room temperature for 15 min. After that, BF3-OEt, (13.7 mL, 110 mmol) was added portionwise and the
reaction mixture stirred overnight at room temperature under dark conditions. After 18 h, the solution
was diluted with H,O (60 mL) and stirred for two hours. The organic phase was subsequently washed
with H,O (3 x 50 mL) and brine (2 x 50 mL), dried over Na;SOy4 and concentrated under reduced
pressure to obtain an orange solid. The crude product was next dissolved in a small amount of CH,Cl,
and filtered through a short silica gel pad, obtaining a reddish solution that was concentrated to obtain
an orange solid. This solid was finally washed with cold EtOH to obtain product 2 as orange needles
(3.991 g, Yield: 50%). '"H-NMR (600 MHz, CDCl3) &: 6.06 (s, 2H), 4.15 (q, °Jg i = 7.1 Hz, 2H), 3.00 (m,
2H), 2.51 (s, 6H), 2.49 (t, 3]y i = 7.2 Hz, 2H), 2.43 (s, 6H), 1.96 (m, 2H), 1.27 (t, 3J;; iy = 7.1 Hz, 3H).
13C-NMR (151 MHz, CDCl3) &: 172.66, 154.31, 145.19, 140.55, 131.60, 121.92, 60.81, 34.57, 27.66, 27.00,
16.51, 14.62, 14.38.

2.2.2. Synthesis of Compound 1

Compound 2 (2.00 g, 5.5 mmol) and K,COs3 (6.05 g, 43.4 mmol) were added to a 250 mL round
bottom flask and diluted with EtOH (150 mL) and H,O (37 mL), obtaining a suspension which was
stirred overnight protected from light at 50 °C. The reaction control via thin layer chromatography
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showed the consumption of the starting material and the solvent was removed under reduced pressure,
obtaining an orange precipitate when most of the alcohol was removed. This suspension was then
diluted with H,O and rinsed with CH,Cl, until no major fluorescence was observed in the extracts.
The resulting aqueous solution was slowly acidified until pH 3 and the product extracted with AcOEt
(5 x 50 mL). The organic phase was finally washed with 0.1 M HCl (3 x 50 mL) and brine (50 mL),
dried over Nay;SO4 and concentrated to dryness to obtain compound 1 as a crystalline orange solid
(1.44 g, Yield: 78%).'H-NMR (298 K, 600 MHz, DMSO-de) & 12.25 (s, 1H (OH)), 6.23 (s, 2H), 3.06-2.85
(m, 2H), 2.44-2.39 (m, 14H (BODIPY Methyl-groups (14H) + CH; chain (2H)), 1.84-1.73 (m, 2H).
BBC-NMR (298 K, 150 MHz, DMSO-dg) § 174.22, 153.67, 146.50, 141.44, 131.23, 122.20, 34.19, 27.50,
27.15,16.25, 14.52.

2.3. Crystal Structure Determination of Compound 1

Data sets for compound 1 were collected with a Bruker APEX II CCD diffractometer. Programs
used: data collection: APEX3 V2016.1-0 (Bruker AXS Inc., Madison, Wisconsin, USA, 2016); cell
refinement: SAINT V8.37A (Bruker AXS Inc., Madison, Wisconsin, USA, 2015); data reduction: SAINT
V8.37A (Bruker AXS Inc., Madison, Wisconsin, USA, 2015); absorption correction, SADABS V2014/7
(Bruker AXS Inc., Madison, Wisconsin, USA, 2014); structure solution SHELXT-2015 [18]; structure
refinement SHELXL-2015 [18] and graphics XP in SHELXTL [19]. R-values are given for observed
reflections, and wR? values are given for all reflections. Information about the crystallographic
parameters and the structure refinement is provided in Table 1. The X-ray structure of 1 has been
deposited as a CIF file in the CSD database (CCDC number 1874183).

Table 1. Crystal data and structure refinement parameters for compound 1.

Empirical Formula Cy17H1BF;N,O-CH,Cl,

Formula weight 419.09
Temperature/K 100(2)
Wavelength/A 1.54178
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions
a/A 27.4033(11)
b/A 12.5495(5)
c/A 12.3648(5)
a/° 90
B/° 110.442(2)
v/° 90
Vv/A3 3984.4(3)
Z 8
D./gem ™3 1.397
p/mm—! 3.234
F (000) 1.744
Crystal size/mm 0.020 x 0.160 x 0.200
0 range/° 3.92-66.74
Index ranges —-32<h<32
—-14<k<14
-14<1<14
Reflections collected 35,692
Independent reflections 3520
Rint 0.0373
Data/Restraints/Parameters 3520/0/252
GOF 1.035
Final R indexes [I > 20(I)] Ry =0.0324
wR, =0.0816
Final R indexes (all data) Ry =0.0348
wR;, =0.0830
Largest diff. peak/hole/e/&f3 0.375/—-0.413
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3. Results and Discussion

3.1. UV/Vis Experiments

Solvent-dependent UV /Vis studies were initially carried out to test the ability of compound
1 to form supramolecular aggregates in solution. Figure 1 shows the absorption spectra of 1 in
different solvents (c = 1 x 107> M) at room temperature. These spectra reveal sharp transitions
with a common maximum between 495 and 505 nm that corresponds to the So — S; (m-7%)
transition of the BODIPY chromophore, whereas the Sy — S; transition appears in the region around
360—-400 nm. These spectroscopic features are reminiscent to those observed for a structurally related
Capsaicin-BODIPY dye recently reported by our group [17] and indicate that 1 remains as monomeric
species in all investigated solvents. The molar absorption coefficients (¢) at the absorption maximum
are very similar in all solvents with the exception of CHCl3 and CCly, in which a slight red-shift
and drop in the absorbance (ca. 30%) are observed. This behavior suggests the initial stages of
an aggregation process, which, however, ultimately results in precipitation only after a few minutes.
The limited solubility of 1in nonpolar, i.e., alkane solvents (in which a stronger aggregation is expected),
precludes a detailed analysis of the self-assembly mechanism and their corresponding thermodynamic
parameters. The quantum yields of 1 (c =1 x 107% M, absorption [a.u. < 0.1]) were measured using
fluorescein as a reference (Aexc = 460 nm). An overview of the emission and optical properties of 1 in
different solvents is summarized in Table 2.

MeOH

84 |——CHCI3
——ACN
77 THF
—— DMSO
——CCl4

g/ 10" L mol'cm™

T ; T
300 400 500
Afnm

Figure 1. Solvent-dependent UV /Vis studies of compound 1 (c =1 x 107> M, 298 K).

Table 2. Photophysical properties of compound 1 in different solvents. (c = 1x 10° M, 298 K, Aexc = 460 nm).

Solvent Aspsmm Sy — Sy &10° M~ L.em™1  Agp/nm Dr
MeOH 496 7.98 506 12%
DMSO 500 8.01 511 79%

THF 499 7.50 510 17%
MeCN 494 6.75 505 55%
CHCl3 503 5.38 513 8%

CCly 505 524 513 14%

3.2. Solid State UV/Vis and Fluorescence Spectra

Solid-state UV-Vis and emission experiments were performed to complement the results in
solution (Figure 2). MeOH was selected as solvent to prepare thin films due to the very good solubility
of 1 in this medium even at high (mM) concentrations. To this end, 60 puL of a solution of 1 in
MeOH (c = 1 x 1073 M) were drop cast on a quartz plate until the solvent was evaporated and then
absorption and emission spectra were recorded. Comparison of the absorption spectra in MeOH
solution (A =0.80 a.u.) and on thin film (A = 0.38 a.u.) reveals a broad and slightly red-shifted
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absorption band (AA =17 nm) with a maximum at 512 nm and a shoulder at 492 nm for the latter.
These features suggest the formation of an aggregate species via stacking of the BODIPY dyes in the
solid state. Regarding the photoluminescence studies, 1 still shows fluorescence in the powder form
and the emission maximum (545 nm) is 32 nm red-shifted compared to the molecularly dissolved state
in MeOH solution. The overall spectral signatures suggest a self-assembly process via a J-type exciton
coupling of the dye molecules [20].

a) i b)

[——MeOH | 1.0 —— MeOH
— Solid state| —— Solid state|

0.8
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0.4 - 2

absorbance / a.u.

0.2 1
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Figure 2. UV /Vis absorption (a) and emission (b) spectra of compound 1in MeOH (c =1 X 10~ M)
and in thin films from MeOH at 298 K (Aexc = 450 nm).

3.3. FTIR Spectra

To examine whether intermolecular hydrogen bonding between the carboxyl groups are also
involved in the aggregation of 1, Fourier-transform infrared spectroscopy (FTIR) spectra have been
recorded. Figure 3 shows a comparison of the FTIR spectra of 1 in a molecularly dissolved state
(in Tetrahydrofuran (THF))- and in the aggregated state (prepared as thin film). For the thin film,
the O-H stretching band appears at 3350 cm~!, while this band appears at considerably higher
wavenumbers (3580 cm ™) for the THF solution. This behavior is attributable to the existence of
hydrogen-bonded OH groups only in the film [21] whereas these groups are non-bonded in THE. On the
other hand, the C=0 stretching band (1736 cm~ 1) in THF is assigned to the free C=0, while a second
C=0 stretching band at 1716 cm~! indicates the presence of partially hydrogen-bonded C=O groups,
most likely as a result of the interaction of compound 1 with the solvent molecules [22,23]. In sharp
contrast, only one C=O stretching band at 1708 cm~! is observed in the solid state, indicating the
formation of dimers of 1 through hydrogen bonding interactions between the C=O group from one
molecule and the O-H group of another one.
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Figure 3. Fourier-transform infrared spectroscopy (FTIR) spectra of 1 in THF and in the solid state
showing the O-H (left) and C=0O (right) regions.
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3.4. Crystal Structure of Compound 1

By slow evaporation of a solution of 1 in DCM, orange single crystals suitable for X-ray
diffraction were obtained. The crystal structure and the atom-numbering are shown in Figure 4.
The crystallographic data revealed that the title compound crystallizes in the monoclinic system, space
group C2/c. The central six-membered ring of the BODIPY moiety is almost coplanar with the adjacent
pyrrole rings, as often observed for this class of dyes. The average bond lengths for B-N and B-F are
1.540(2) and 1.398(2) A, and the N-B-N and F-B-F angles are 106.9(1)° and 108.8(1)°, respectively.
The two B-N distances are similar, indicating the expected delocalization of the positive charge. The
n-electron delocalization in the BODIPY core is confirmed by the average bond length of 1.405(2) A.
For N1-C1 and N2-C9 the found bond lengths are 1.352(2) and 1.348(2) A, which have a pronounced
double bond character.

17
/@ 01
oy 8
c1e|
15
— .
C12.4 -~ L
- cw4| A Kol
s

C} -....CG/ \04/, c3

p— L
C‘IB% P F1 /lC'IO

Figure 4. Crystal structure of compound 1 found in the asymmetric unit. Thermals ellipsoids are
shown with 50% probability. The CH,Cl, solvent molecule was omitted for clarity.

In good correlation with FTIR results, the crystal packing of compound 1 is stabilized by
intermolecular hydrogen bonding involving the carboxyl groups of two molecules (dimer formation
via O2-H1- - - O1 2.629(2) A; 175.0(3)° interactions) and two C-H- - - F hydrogen bonding interactions
from the cocrystallized CH,Cl, molecules (C21-H21A- - - F2 3.129(2) A; 141.0°; C21-H21B. - - F1
3.198(2) A; 126.0°, see Figure 5a). Additionally, C-H: - - O interactions (C16-H16B- - - O2 3.430(2)
A; 138.2°), as well as C-H- - - F interactions (C8-HS8- - - F1 3.362(2) A; 142.9°), further stabilize a lateral
growth of the structure in a zig-zag fashion along the c-axis (Figure 5b). An overview of the
non-covalent interactions present in the crystal packing is summarized in Table 3.

Figure 5. Cont.
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Figure 5. (a) Dimer formation through O-H- - - O hydrogen bonds between the carboxyl groups in
compound 1 and additional C-H- - - F hydrogen bonding interactions from the cocrystallized CH,Cl,
molecules; (b) Excerpt of the packing diagram of 1 presenting the zig-zag chain formation along the
c-axis stabilized by additional C-H- - - O and C-H- - - F interactions.

Table 3. Non-covalent intermolecular interactions in compound 1 (A and deg) @.

D-H-.-A d(D-H) d(H-A) d(D-.-A) Z(DHA)
02-H1- - - 011 0.87(3) 1.76(3) 2.629(2)  175.0(3)
C8-HS. - - F1*2 0.95 2.55 3.362(2) 1429

(

(

C21-H21A- - -F2 0.99 2.30 3.129(2)  141.0
C21-H21B. - - F1 0.99 251 3.198(2) 1260
C12-H21B---N1*¥* 098 2.73 3.662(3) 1577
(3) 1408
(2) 1382

C14-H14A. - -F23  0.99 2.56 3.383
C16-H16B- - - O2*  0.99 2.63 3.430
Cgl---Cgl1# 2 3.523

Symmetry transformations used to generate equivalent atoms: #_x,1— y, —Z; L y,0.5+z; #05—x,05— Y,
1—z%™ —x, y, 0.5 — z;# Cgl is the centroid involving part of the chromophore unit: C4/C5/C6/C7/C12/N2.

Additionally to the hydrogen bonds between the carboxyl groups, intermolecular stacking of
the BODIPY cores allows further growth of the dimeric units in a 2D network (Figure 6). As usually
observed in crystal structures of BODIPY dyes, the BF, groups of stacked BODIPY units are antiparallel
oriented and pointing in different directions. The stacking of the BODIPY cores does not occur in
a perfect face-to-face fashion, but rather a slight translational displacement along the x and y axes
is observed (Figure 6). This is most likely due to the presence of relatively bulky groups at the meso
position, which hinders an ideal parallel organization [24,25] and results in different C21-H21B- - - F1,
C12-H21B- - - N1, and C14-H14A. - - F2 intermolecular interactions (Figure 6a). In the 2D network,
the plane formed by one BODIPY dimer is almost orthogonal to another dimer plane with a dihedral
angle between both planes of 69°. Additionally, the slip angle between stacked BODIPY dyes
corresponds to 29.3°, which matches well with the results obtained from spectroscopic investigations.
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Figure 6. (a) View representing the interactions (7t- - - t, C-H- - - N and C-H- - - F) between two BODIPY
units in compound 1; (b) 2D network showing the packing of BODIPY dimeric units.

4. Conclusions

In conclusion, we investigated the self-assembly behavior of a BODIPY dye with a butyric
acid residue at the meso position. UV /Vis, fluorescence, and FTIR experiments revealed that the
target compound forms supramolecular aggregates through m-7 stacking and hydrogen bonding
interactions in the solid state. The molecular packing of BODIPY derivative 1 was investigated
by X-ray diffraction. Dimerization of the carboxyl groups via HO-C=0---OH-C=0 intermolecular
hydrogen bonding interactions combined with C-H- - - F hydrogen bonding interactions from the
cocrystallized CH,Cl, molecules induce the growth of the structure in one dimension in a zig-zag
fashion. In addition, intermolecular 7t-7t interactions between the BODIPY cores lead to a 2D network
in which the BODIPY moieties adopt a slightly slipped arrangement along both x and y axes. Our
results reveal that a combination of aromatic interactions and hydrogen bonding involving carboxyl
groups is a promising strategy to create stable supramolecular structures based on BODIPY dyes.
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