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Abstract

Two crystalline meso-substituted BODIPYs were investigated as supramolecular building blocks of Langmuir-Blodgett
(LB) thin films. These sorts of thin films are formed by the transfer of a Langmuir monolayer film of organized amphiphilic
molecules onto a solid substrate. In the present contribution, we exploited the capacity of the featured BODIPY's to pro-
duce ordered supramolecular self-assemblies through hydrogen-bonding and z-stacking to pre-organize and to control their
assembly as LB thin films. Electronic absorption and fluorescence emission of the meso-substituted BODIPYs in solution,
LB films, and in solid state were studied. The morphology and structure of the LB films were examined by scanning electron
microscopy and atomic force microscopy. The structural differences between both BODIPY's have no marked influence on
the absorption and fluorescence emission properties in solution. In contrast, absorption properties in solid state (solid sam-
ples and LB thin films) depend on the structural nature of the dyes with the appearance of red-shifted bands, which could
be an indicator of the presence of aggregates. The supramolecular information contained in the BODIPY's was reflected on
the surface characteristics of the featured LB thin films. Both produced homogeneous and uniform films with the presence
of some microcrystals, as the number of transferred monolayers increased. These results broaden the capacity of the Lang-
muir—Blodgett technique to produce ordered and self-assembled thin films of functional small organic molecules (such as
BODIPYs) as components of different optoelectronic devices.
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Introduction

Nowadays, organic semiconductors represent an efficient
alternative to develop charge transport materials as well
as light harvesting units for energy conversion processes
involved in organic photovoltaics. Particularly, organic
semiconductors based on organic n-conjugated small mol-
ecules are promising candidates for photovoltaic applica-
tions due to their intense and broad absorption profiles,
high charge-carrier mobility, and tunable HOMO/LUMO
energy levels by chemical functionalization [1-3]. In this
sense, thin films with controlled structure and desired
properties are required to assure the electronic properties
of the organic semiconductor as component of electronics,
photovoltaics, or sensors [4-6].

To control the structure and properties displayed by the
organic semiconductors, based on organic n-conjugated
small molecules, it requires a deep understanding of the
supramolecular organization on different condensed mat-
ter phases. Therefore, it is necessary to modulate their
design, and thus to develop an efficient application as thin
solid films [7]. In this sense, translation of the supramo-
lecular information of discrete entities to a regular and
ordered molecular packing in thin films requires to take
into account some parameters such as chemical structure,
physical properties, and capability to self-assembly in
solid state. For instance, some Langmuir—Blodgett films
of organic semiconductors displayed superior performance
characteristics compared with OLEDs constructed by
other deposition techniques [8—10].

Amongst the different families of organic compounds,
boron-dipyrromethenes (also called BODIPY's) are prom-
ising building blocks to construct thin films. These com-
pounds display attractive photophysical properties such

Fig.1 Chemical structures of
meso-substituted BODIPYs 1
and 2

BODIPY 1
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as narrow and intense absorption profiles, high fluores-
cence response, and high photostability as well as chemi-
cal and thermal stability. In addition, these properties can
be modulated through chemical functionalization of the
BODIPY core, meso-position as well as over the boron
atom depending on the application to achieve [11-16].
A strategy to avoid concentration quenching processes is
based on the increasing rigidity of the BODIPY system by
the addition of aryl substituents at the meso position; this
structural modification assures the formation of supramo-
lecular ordered aggregates emissive in the solid state [17].

Therefore, there is a great interest incorporate organic
semiconductors, capable to produce molecular crystals into
thin films. By exploiting their supramolecular information,
it is possible to develop ordered supramolecular structures
through the layer-by-layer self-assembly maintaining the
photophysical properties of the discrete entities, such as
BODIPYs [18-22]. In this sense, we recently reported the
synthesis of two novel meso-substituted BODIPY's and their
assembly in molecular crystals (Fig. 1). These BODIPYs
were constructed with a formyl group useful for covalent
anchoring to surfaces as well as to develop molecular anten-
nae. After a minutely analysis of the structural and elec-
tronic properties by an experimental theoretical approach,
we found that n-stacked units of BODIPY play a key role in
the self-assembly of a periodic net of overlapping electron
density. This intermolecular delocalization of electron den-
sity between 2D z-stacked layers could be an indicative of a
plausible semiconductor character [23].

Taking into account the mentioned above, herein,
we decided to exploit the supramolecular information
of BODIPYs 1 (meso-[4-[(4-formylphenyl)ethynyl]-
phenyl]-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) and
2 (meso-[5-[(4-formylphenyl)ethynyl]thiophen-2-yl]-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) to control the

BODIPY 2
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assembly layer by layer of their Langmuir—Blodgett thin
films as well as to evaluate the electronic and optical proper-
ties. A detailed analysis of the featured BODIPYSs in solution
and as thin films was carried out by absorbance/fluorescence
spectroscopy, atomic force microscopy, and scanning-elec-
tron microscopy.

Results and discussion

Photophysical properties of BODIPYs 1, 2 in solution

BODIPYs 1, 2 were studied through UV-Vis and fluores-
cence spectroscopy in solution, as illustrated in Figs. 2, 3,
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the results are summarized in Table 1. An intense absorption
band between 501 and 509 and 514-521 nm (for 1 and 2,
respectively) was observed for both due to a n—x* transi-
tion of the BODIPY core. Additional absorption bands arise
from the donor-n bridge-acceptor n-subsystems (meso-sub-
stituents). In addition, a batochromically shifted peak was
observed in the fluorescence spectra of BODIPYs 1, 2. The
lower quantum yields can be attributed to the fluorescence
quenching caused by the rotation of the alkyne bridges that
favored different modes of n-stacking of the BODIPY cores.
As we previously reported, these compound exhibit exten-
sive intermolecular wt-contacts in the solid state, this particu-
lar self-assembly appears to be insensitive in solution to the
solvent polarity. The highest Stokes shifts were observed for
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Fig.2 Absorption profiles of BODIPYs 1, 2 (concentration 3 x 107% mol dm?)
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Fig.3 Fluorescence emission profiles of BODIPYs 1, 2 (concentration 3x 10~ mol dm?, excitation wavelength A=390 and 510 nm, respec-

tively)
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Table 1 . Selected photophysi.cal BODIPY Solvent Absorption Emission e/mol™! dm® cm™! Al/nm oy
properties of BODIPYs 1, 2 in 2 /nm 2 /nm k
solution max max
1 Xylenes 507 532 53675.19 25 0.2176
Toluene 508 534 47603.43 26 0.1297
Et,0 502 527 76575.55 25 0.075
THF 504 524 98630.54 20 0.0869
AcOEt 502 526 56834.89 24 0.0815
CHCl, 506 525 51070.18 19 0.1098
CH,Cl, 505 528 48148.20 23 0.1335
Acetone 501 526 54635.98 25 0.0722
DMF 504 528 37242.80 24 0.1458
DMSO 506 530 4744495 24 0.2031
2 Xylenes 521 625 67162.35 104 0.0089
Toluene 521 624 51485.44 103 0.00512
Et,0 515 630 75367.85 115 0.00391
THF 517 - 33330.33 - -
AcOEt 515 - 68489.71 - -
CHCl, 519 626 27934.87 110 0.00748
CH,Cl, 517 - 40082.22 - -
Acetone 514 - 6681.40 - -
DMF 517 - 61842.86 - -
DMSO 519 - 48488.83 - -

BODIPY 2 (103—115 nm), while BODIPY 1 displayed much
lower Stokes shifts (ca. 25 nm).

Langmuir-Blodgett thin-film characterization

Controlled self-assembly is needed to construct complex
nanostructures with collective and predetermined proper-
ties. Particularly, for device fabrication, ordered patterns are
required for practical usage. In this sense, the development
of bottom—up methods is desirable due to their accessibility,
simplicity, and compatibility with larger scale integration
processes. Therefore, the next step was to deposit films of
BODIPYs 1, 2 onto glass substrates to explore their spectral
properties and to characterize their morphology. Langmuir
monolayers of BODIPYs 1, 2 were obtained from chloro-
form solutions at the air—water interface.

Langmuir films were characterized by measuring iso-
therms surface pressure vs. molecular area (d vs. A) at 22 °C
(Fig. 4a). BODIPYs 1, 2 exhibited gas phases between 0
and 3 mN m, while the liquid phases were observed at 3—15
mN m (1) and 3-13 mN m (2). Solid phase for BODIPY
1 was observed between 15 and 66 mN m (molecular area
of 15.87 Az), whereas for BODIPY 2 was found between
13 and 66 mN M (molecular area of 21.7 A%). The large
molecular area displayed by BODIPY 2 is due to its molecu-
lar structure (non-planar). The lack of axial symmetry within
the thiophene derivative avoids a perpendicular approxima-
tion to the air—water interface, so it occupies a larger space.

@ Springer

The collapse occurred up to 66 mN m, for both. Finally,
hysteresis loops (Fig. 4b) show a good reversibility under
successive compression—expansion cycles.

The incorporation of the films onto glass substrates was
corroborated by Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM). SEM images for 1, 5,
and 10 transfers of BODIPYs 1, 2 are depicted in Fig. 5. For
one layer, we observed a homogeneous and compact film
covering the complete substrate surface for 2, in contrast
with BODIPY 1, where there are some areas that are not
completely covered (Fig. 5a, d). In the case of 5 transfers
(Fig. 5b, e), the homogeneity and uniformity of the films
were maintained, with the appearance of spherical aggre-
gates up to 10 um in diameter scattered along the surface
(this could be an indicative of nucleation of nanocrystals).
Finally, for 10 transfers (Fig. 5c, f), we observed the appear-
ance of the same aggregates with smaller size giving the film
a rougher aspect in comparison with the five-layer films.

In addition, AFM studies were also used to character-
ize the morphology of the featured films. The incorpora-
tion of the films was corroborated by analyzing the decreas-
ing of the substrate surface roughness (Ra) in comparison
with the clean substrate. AFM measurements of BODIPY's
thin films obtained by the Langmuir—Blodgett technique
are presented in Fig. 6. As expected, morphology of the
monolayer films depends on the nature of the surface sub-
strate roughness, and one transfer films exhibit elongated
aggregates regularly dispersed on the surface with Ra 7.03
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Fig.4 a Surface-pressure-molecular area isotherms (compression rate 10 mm min), and b successive compression—expansion cycles (hysteresis)
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Fig.5 SEM images of the BODIPYs Langmuir-Blodgett thin films for 1 transfer (a, d), 5 transfers (b, e), and 10 transfers (c, f) for 1 and 2,

respectively (at 1000x magnification)

and 26.5 nm for BODIPYs 1 (maximum height 30 nm) and
2 (maximum height 85 nm), respectively. In addition, film
formation arrangements indicated a homogeneous distribu-
tion of the BODIPY's during deposition of each successive
layer; at 5 transfers, we observed granular uniform patterns
on the surface (aggregates with 0.02 ym diameter scattered
along the substrate) differing only by their respective rough-
ness of 5.79 (for 1) and 43.5 nm (for 2). At 10 transfers, we
observed densely packed similar granular patterns, and this
closer distribution is reflected on the Ra different values in

comparison with the 5 layers films [14.1 nm/70 nm (1), and
23.8 nm/160 nm (2)]; in the case of BODIPY 2, the identi-
cal height values (5 and 10 layers) suggest that the addition
of more layers on the substrate surface does not increase
the amount of the deposited compound, only modifies the
topography of the film giving it a smoother appearance,
which can be an indication that nanocrystals are starting to
form. Furthermore, aggregates’ orientation in BODIPY 2
(for 5 and 10 transfers) showed a preferential alignment on
a particular direction, in contrast with BODIPY 1, where the

@ Springer
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Fig.6 AFM Images of the BODIPYs Langmuir-Blodgett thin films for 1 transfer (a, d), 5 transfers (b, e), and 10 transfers (c, f) for 1 and 2,

respectively (scale 20X 20 um)

misalignment of the aggregates can be responsible for the
non-linearity of their UV-Vis plots.

As expected, BODIPYs 1, 2 are capable to produce
ordered supramolecular arrangements on their LB thin films;
however, BODIPY 1 displayed higher ordered supramolecu-
lar structures as the number of deposited layers increase, this
behavior can be explained by the capacity of compound 1 to
establish intermolecular contacts between parallel subunits
with zm-electron density, which in the case of BODIPY 2 is
not present due to the lack of axial symmetry within the
thiophene fragment (reflected in alternation in the layered
structure of their molecular crystal and in a larger molecular
area on their LB thin films.

Langmuir-Blodgett thin-film absorption studies

Absorption spectra of BODIPYs 1, 2 (freshly recrystallized
solid samples) and in chloroform solutions are presented in
Fig. 7. BODIPY 1 features three main absorption bands at
about 375, 485, and 605 nm. All are rather broad and span
the entire region between 350 and 750 nm, being the most
intense the 375 nm band (which correspond with t—n* tran-
sitions involving the donor-bridge-acceptor n-subsystem). In
addition, a similar behavior was found in BODIPY 2, with
the difference that two additional bands appeared at 675 and
740 nm, probably due to the different modes of n-stacking
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between the BODIPY cores. Nonetheless, focusing on the
shape of the main bands, we can identify a more complex
structure, composed of at least three different components,
where only one band coincided with the absolute maximum
found in chloroform solutions; these results suggest interest-
ing effects of controlled self-assembly on the optical proper-
ties of the BODIPYs.

As we previously described, BODIPY 1 and 2 Langmuir
monolayers were transferred onto solid glass substrates
using the Langmuir-Blodgett technique (vertical lifting
method), with transfer ratios of ca. 1 + 0.2 on Z-type depo-
sition. Absorption spectra of BODIPYs 1, 2 are depicted
in Fig. 8; both dyes displayed a bathochromic shift (22 and
25 nm for 1 and 2, respectively) in comparison with chlo-
roform solutions. The appearance of red-shifted bands (LB
films and solid samples) could be an indicative of the pres-
ence of J-aggregates (due to the capacity to self-assembly of
the dyes by hydrogen-bonding and n-stacking interactions).

Conclusion

Two meso-substituted BODIPY's were used as supramolecu-
lar building blocks to construct ordered and self-assembled
Langmuir-Blodgett thin films; BODIPYSs 1, 2 were capable
to produce Langmuir monolayers at the air—water interface,
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Fig. 7 Absorption spectra of solid samples and chloroform solutions of BODIPYs (a) 1, and (b) 2
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Fig.8 Absorption spectra of Langmuir-Blodgett films of a BODIPY 1, and b BODIPY 2

and the featured films were characterized by surface pressure
vs. molecular area isotherms exhibiting excellent stability
upon successive compression—expansion cycles (hysteresis).
Langmuir monolayers (up to 10) were transferred onto glass
substrates to form Langmuir—Blodgett thin films, which were
characterized by electron microscopy (SEM and AFM) as
well as by UV/Vis spectroscopy. The featured dyes as thin
films displayed a bathochromic shift (22 and 25 nm for 1
and 2, respectively) in comparison with chloroform solu-
tions. The appearance of red-shifted bands (thin films and
solid-state samples) could be an indicative of the presence
of J-aggregates (due to the capacity to self-assembly of the
dyes by hydrogen-bonding and zn-stacking interactions).
These results broaden the capacity of the Langmuir—Blodgett

technique to produce ordered and self-assembled thin films
of functional small organic molecules (such as BODIPYs)
as components of different optoelectronic devices.

Experimental

NMR experiments were recorded in CDCl; solution in a
JEOL Eclipse 400 spectrometer; chemical shifts are reported
in ppm with respect to TMS using residual solvent sig-
nal (fixed at §=7.26 ppm for 'H and §=77.160 ppm for
13C), coupling constants (J) are in Hz. Boron NMR spec-
tra were referenced to external BF;-Et,0 in CDClI; (fixed at
0=0 ppm). Fluorine NMR spectra were referenced to CFCl;
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(fixed at =0 ppm). Absorption studies were performed on a
UV/VIS Lambda 35 Perkin Elmer spectrophotometer. Fluo-
rescence emission studies were acquired on a LS55 Perkin
Elmer fluorescence spectrometer. Scanning electron micros-
copy images were acquired on a JEOL SEM5600LV instru-
ment at 15 kV and different magnifications. Atomic force
microscopy images were obtained with a JEOL JSPM4210
instrument in tapping mode.

Synthesis

BODIPYs 1, 2 were synthesized in good yields using our
previously reported methodology; both compounds were
recrystallized from acetone before use [23].

Langmuir Monolayers

Spreading solutions of 0.001 mg cm® were prepared in
CHCIl, for BODIPYs 1, 2; ASTM type 1 ultrapure water
was employed for the subphase (Milli-Q system, 18.2 MQ
cm and simplicity 185, Millipore). Preparation of the cor-
responding monolayers was carried out on a KSV 5000
alternate multilayer LB system (KSV Finland). Different
amounts of BODIPY solutions (0.2-0.24 cm?®) were slowly
spread over the water surface; the system was maintained
undisturbed for 15 min to achieve a complete chloroform
evaporation. Afterwards, the monolayer was symmetrically
compressed (barrier speed 10 mm min), and the surface-
pressure isotherms were acquired at 22 °C according to the
Wilhelmy method. Finally, monolayers’ stability was deter-
mined through compression—expansion cycles (hysteresis
loops) below the collapse pressure.

Langmuir-Blodgett thin films

Langmuir monolayers of BODIPYs 1, 2 were transferred
onto solid glass substrates (35x 13 x 1 mm?) using the
vertical lifting method (transfer ratio of 1+0.2) at 22 °C.
Glass substrates were previously treated with a sulfochro-
mic solution, ultrapure water, ethanol, and chloroform to
remove impurities. Z-type multilayer structures (n=1-10
layers) were prepared by vertical deposition method (extrac-
tion only) at pressures between 0 and 70 mN m and dipping
speed of 10 mm min.
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