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Unprotected arylbiuret units were smoothly introduced onto
n-conjugated structures to afford new supramolecular materials
leading to interpenetrated networks.

In the quest for new opto- and electro-active organic materials,
the control of intermolecular interactions through designed
supramolecular forces has become a major goal as it provides
the chemist with a handle on controlling one of the principal
parameters influencing the overall properties of the final
material: its morphology. Thus, structural motifs coding for
metal ion coordination, electrostatic forces, van der Waals
interactions, or hydrogen-bonds have been coupled to a
diversity of electroactive structures to afford compounds
whose self-assembly is driven by the molecular recognition
elements guided by solvent-solute interactions.

For applications in the emergent field of molecular electronics,
hydrogen-bonds (H-B) are particularly appealing because they
are directional and do not interfere with the spectroscopic or
electronic properties of the material. However, the introduction
of H-B elements onto compounds possessing extended m-con-
jugated structures can be challenging in cases where the presence
of an inert or flexible alkyl spacer is not desirable. Direct
connection of the H-B motif, such as in the case of a tetra H-B
unit developed by Meijer and co-workers® or in perylene dii-
mides,® benefits from the structural rigidity imparted by the
conjugated unit and results in well-defined supramolecular archi-
tectures useful in promoting or maintaining electronic interac-
tions.* Ureas (and related bis-ureas, or biurets) are a class of self-
complementary H-B elements coding for the formation of
extended planar sheets that have been successfully used in the
design of organogelators.’ However, the incorporation of a
(thio)urea or biuret unit is contingent upon the availability of
the corresponding (thio)isocyanate or amine precursors, which
are not readily available or are prone to facile oxidation when
directly connected to electron-rich aromatic platforms.®

We now report the use of Suzuki coupling methodology to
smoothly introduce an aryl biuret H-B motif onto electron-
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rich conjugated oligomers. The strategy employed rests on the
preparation of a new boronic acid derivative incorporating the
desired unprotected biuret unit, thus avoiding both the neces-
sity of isolating unstable arylamine derivatives and cumber-
some protection/deprotection sequences. The reaction was
successfully tested on terthiophene, ter(phenylenevinylene)
and tetraphenylene thanks to the ready availability of the
corresponding brominated oligomers. Additionally, Forster
energy transfer was used to probe the effect of molecular
recognition on the microheterogeneity of the thin films formed
by the samples, revealing important variations induced by the
biuret motifs.

Compound 1 (Scheme 1) was conceived to exploit the well-
known Suzuki-Miyaura coupling methodology as a means to
introduce biuret motifs onto electron-rich conjugated oligo-
mers without the use of inert/flexible alkyl spacers. Suzuki
coupling is tolerant of primary and secondary amides, and is
particularly adapted to oligothiophenes and oligophenylenes.”
As shown in Scheme 1, compound 1 was prepared in two steps
from 4-bromoaniline. Following reaction with nitro-biuret to
form the biuret H-B motif, the aryl bromide thus obtained was
converted to the boronic ester intermediate using bis-
(pinnacolato)diborane via Pd-mediated borylation.® This proce-
dure does not require the generation of the corresponding
lithiated species typically used to form arylboronates, which are
incompatible with the presence of the unprotected biuret unit.
The key intermediate, compound 1, was thus obtained in 60%
isolated yield after recrystallization from ether/hexanes.}

To test the ability of 1 to undergo Suzuki coupling reactions
with electron-rich conjugated oligomers, the palladium-
mediated cross-coupling of 1 with o,®-dibromobisfluorene
(2a), a,0-dibromotertra(thiophene) (3a), and o,0-dibromo-
bis(styryl)benzene (4a) was tested under standard reaction
conditions (Scheme 2). Compounds 2a, 3a, and 4a were
selected as being representative of well-known oligofluorenes,
oligothiophenes, and oligo(phenylene-vinylene)s in light of
their importance in molecular electronics. Alkyl substituents
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Scheme 2 Synthesis of compounds 2b, 3b and 4b, and the structures of model compounds 2¢ and 4c.

were incorporated from the onset to ensure adequate solubility
even after introduction of the H-B units. In all cases, the
corresponding bis-substituted products 2b, 3b and 4b were
obtained in good yield, ranging from 73 to 85% (unoptimized
isolated yields, see ESIY), which corresponds to 85-90%
conversion per halogen atom.

The absorption and emission spectra of 2b and 4b are shown
in Fig. 1, from which it can be deduced that the strong overlap
between the emission of 2b and the absorption of 4b should be
conducive to Forster resonant energy transfer (FRET) from
electronically excited 2b (the donor) to 4b (the acceptor).
FRET imaging has been extensively used in biology to discern
spatial proximity between distal sites on proteins, or to
observe binding or vectorization events, and has also been
used to directly visualize spatial separation and phase bound-
aries between emissive donor and acceptor materials in bulk
samples displaying heterogeneity.” To ascertain the influence
of the H-B motifs, reference compounds in which the biuret
units were replaced by methyl substituents were also prepared
(compounds 2c¢ and 4¢, Scheme 2). Their absorption and
emission spectra closely match those of 2b and 4b (see ESI¥).

Thin films of fluorene donor 2b or 2¢ containing a small
amount of acceptor 4b or 4¢ (10 mol%) were prepared by spin-
coating the appropriate mixtures from THF solutions on glass
substrates. Upon deposition, the absorption and emission

e 10, 10

o

s _
@, 0.8 -0.8 3
g L
g 06{ . _ F06 8
g 8
E’ 0.4 04 §
:
£ 02 0.2 &
&

£

w 0.0 0.0

Wavelength (nm)

Fig. 1 Absorption and fluorescence spectra of 2b (squares) and 4b
(triangles) in THF (1.0 x 107> M).

spectra of 2b and 4b are only slightly shifted with respect to
solution (see ESIt). Although all the films thus obtained were
homogeneous in appearance, confocal fluorescence micro-
scopy images of the films reveals strong variations in the
microheterogeneity of the samples (Fig. 2). This is readily seen
by selectively exciting the donor and collecting separately
donor and acceptor emission. In samples A (2c/4c) and B
(2¢/4b), where the donor 2¢ does not possess biuret motifs,
similar intensity distributions are found for the residual emis-
sion of the donor and the main emission resulting from the
acceptor. In both cases, the intensity is the highest in poly-
disperse globular aggregates whose size ranges from ca.
280 nm (lower limit of instrumental resolution) to microns in
diameter.§ In sample B, intense emission from homogeneously
dispersed biuret-acceptor 4b is also seen from the remaining
area not occupied by the large aggregates. A globally uniform
film (within instrumental resolution) appears to be formed
with biuret-containing donor 2b when biuret-free acceptor 4¢
is incorporated (sample C, 2b/4c). This suggests that
donor—acceptor mixtures in which the major component contains
the biuret H-B element provide an environment that is more
tolerant of the presence of dispersed acceptor. In sharp con-
trast, the presence of biuret motifs on both the donor and the
acceptor 4b (sample D, 2b/4b) induces the formation of a
highly interpenetrated network of the two materials
characterized by areas of acceptor emission displaying widths
ranging from <260 nm to ca. 400 nm.

To further explore the dispersion of 4b into 2b, films in
which the loading ratio is varied from 1% to 10% (4b : 2b,
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Fig. 2 Fluorescence confocal microscopy images of films of mixed
donors (2b and 2¢) and acceptors (4b and 4c¢); sample A: 2c/4c;
B: 2c/4b; C: 2b/4c; D: 2b/4b (10 mol% acceptor doping in donor);
Jex = 385 nm, Ayps = 470-550 nm.
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Fig. 3 Confocal fluorescence images of films of 2b incorporating
varying amounts (1-10%) of 4b obtained by selectively exciting 2b at
385 nm. Residual emission from unquenched 2b is collected in the blue
channel (top), whereas emission from 4b (via FRET) is collected in the
green channel (bottom).

Fig. 3) were investigated. It is immediately obvious that the
emission collected from the blue channel (400-450 nm), origi-
nating from the fluorene donor, and the green channel
(470-550 nm), originating from FRET to the acceptor, are
complementary and highly contrasted, indicating two well
separated phases. In one of these phases, the acceptor is almost
absent and emission originating from unquenched donor is
collected in the blue channel. In contrast, the second phase
shows exclusively the emission from the acceptor. The overall
surface area of this latter phase is significantly lager than the
proportion of acceptor in the mixture, indicating that it must
be a blend of donor and acceptor in which complete 2b to 4b
FRET occurs. This phase covers ca. 85% of the film area at
1% doping, and decreases to ca. 50% as the proportion of
acceptor is increased to 10% doping. This shows that self-
aggregation of the acceptor is favored at higher concentrations
of 4b, and that the level of dispersion decreases accordingly.

In general, compared to larger, globular aggregates in which
surface area is minimized, interpenetrated networks increase
the contact area between two materials and are less favorable
energetically. Such networks are of interest for applications
where large areas of contact between two materials is desir-
able, such as in photovoltaic devices, where exciton dissocia-
tion occurs at the electron donor—acceptor interface. The
propensity of 2b and 4b to readily form segregated networks
vs. globular aggregates originates from segregation of the
components during the evaporation process, and is presum-
ably a consequence of the relative strengths of the inter-
molecular forces between identical vs. mixed subcomponents.
The presence of the biuret units may be expected to promote
the dispersion of the acceptor into the donor material due to
the strong H-B interactions they instill, overriding weaker
n-staking interactions between the aromatic residues in 2b and
4b. The occurrence of strong aggregation is supported by the
significant broadening of the proton signals in the '"H NMR
spectrum of 2b and 4b (but not 2¢ and 4¢) in CDCl; vs.
DMSO-dg.

In conclusion, we have devised a general strategy for the
efficient introduction of biuret H-B units onto m-conjugated
platforms for which the corresponding primary amines are not
available. In the case of the bis-fluorene/bis(styryl)phenylene
system, the biuret units impart molecular recognition proper-
ties that result in the formation of interdispersed network
phases in which energy transfer is highly efficient.
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