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Anti-cooperative Self-Assembly with Maintained Emission Regulated
by Conformational and Steric Effects

Ingo Helmers®, Muhammad Saddam Hossain", Nils Bdumer, Paul Wesarg,
Bartolome Soberats, Linda S. Shimizu,* and Gustavo Ferndndez*

Abstract: Herein, we present a strategy to enable a
maintained emissive behavior in the self-assembled state
by enforcing an anti-cooperative self-assembly involving
weak intermolecular dye interactions. To achieve this
goal, we designed a conformationally flexible monomer
unit 1 with a central 1,3-substituted (diphenyl)urea
hydrogen bonding synthon that is tethered to two
BODIPY dyes featuring sterically bulky trialkoxyben-
zene substituents at the meso-position. The competition
between attractive forces (H-bonding and aromatic
interactions) and destabilizing effects (steric and com-
peting conformational effects) limits the assembly,
halting the supramolecular growth at the stage of small
oligomers. Given the presence of weak dye-dye inter-
actions, the emission properties of molecularly dissolved
1 are negligibly affected upon aggregation. Our findings
contribute to broadening the scope of emissive
supramolecular assemblies and controlled
supramolecular polymerization. )

Introduction

Supramolecular polymers have become privileged materials
due to their unique properties resulting from their dynamic
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and reversible self-assembly, such as self-healing or stimuli-
responsiveness.!! Their exciting photophysical properties
make them prime candidates for the design of functional
materials in various fields, including optoelectronics and
biomedicine.>? Nevertheless, a major challenge in
supramolecular polymerization lies in the difficulty of finely
controlling molecular interactions during the assembly
process. Given that the vast majority of supramolecular
polymers are based on n-conjugated building blocks,** the
lack of controlled self-assembly typically results in unpre-
dictable photophysical properties. In many cases, the highly
preorganized, generally steric-free aromatic surface of most
chromophores favors strong face-to-face dye interactions
rendering non-emissive H-type aggregates (Scheme 1).%”
This limitation can be commonly overcome in two different
ways: i) introducing sterically bulky substituents in the
molecular design, typically at the chromophore’s core !
or ii) including chromophores with various freely-rotating

Conventional transfer of emissive properties in supramolecular self-assembly
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Scheme 1. Top: Summary of different types of transfer of emissive
properties in supramolecular self-assembly. Bottom: Molecular struc-
ture of urea-based BODIPY 1 and cartoon representation of its anti-
cooperative self-assembly into discrete species with maintained
emission.
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groups that undergo restriction in intramolecular rotation
(RIR) upon aggregation (Scheme 1).>"*! While the former
strategy often induces a J-type aggregation process with red-
shifted absorption and emission,'"'*! the latter approach
leads to a turn-on or a dramatic amplification of the
emission compared to the monomer species via aggregation-
induced emission (AIE).'*!! Thus, self-assembly of -
conjugated building blocks generally results in significant
changes in the original photophysical properties of the
system.

The difficulty in preserving emissive properties upon
self-assembly can be understood considering commonly
employed monomer design approaches. Typically, aromatic
interactions between dye molecules are exploited in order to
favor aggregation in various solvent systems.*!” This
approach is indeed effective to drive a one-dimensional
growth; it, however, often fails to create aggregates with a
high degree of internal order.[* ']

To overcome this limitation, functional groups that can
engage in directional non-covalent forces, such as hydrogen
bonding, are included in the molecular design. This widely
used strategy proves successful to increase the stability and
degree of order of the resulting supramolecular polymers,
generally leading to highly elongated one-dimensional
cooperatively formed assemblies.”” However, this comes at
the cost of strong dye-dye interactions, which inevitably
leads to significant changes in the photophysical behavior.
Accordingly, new alternatives to control the extent of
exciton coupling of monomer units will allow for a more
readily available knowledge transfer between photophysical
properties in the molecular and the self-assembled state.

To achieve this goal, we hypothesize that strategies to
limit self-assembly, including incorporation of anti-coopera-
tive effects, would enable control of the assembly size®'! and
allow fine-tuning of chromophore organization. Unlike the
widely oberved isodesmic and cooperative mechanisms,
examples of anti-cooperative self-assembly remain
scarce,™?! and drawing up general design rules to attenuate
the growth of supramolecular polymers into discrete sizes is
challenging.””’ While a careful balance of solvent polarity,
temperature, concentration or end-capping can lead to a
certain level of size limitation, a hard coded size control can
be difficult to achieve.” Typical molecular design strategies
rely on the use of hydrogen bonding,***) or dipole moment
cancellation® ! to favor particularly stable dimer conforma-
tions after which elongation is disfavored. On the other side,
in some cases, the weakening of the elongation step by
steric®?3134 or coulombic™ repulsive interactions may
also favor an attenuated anti-cooperative growth.

Herein, we exploit self-limiting growth strategies that
combine conformational and steric effects to regulate inter-
chromophore interactions in self-assembly, leading to anti-
cooperatively formed oligomeric assemblies with maintained
emission. For this purpose, we selected a conformationally
flexible monomer unit with a central 1,3-substituted
(diphenyl)urea hydrogen bonding synthon that is tethered to
two BODIPY dyes featuring sterically bulky trialkoxyben-
zene substituents at the meso-position (see compound 1 in
Scheme 1; for synthesis and characterization, see the
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Supporting Information). This molecular design enables an
appropriate balance of attractive forces (hydrogen bonding
and aromatic interactions) and destabilizing effects (steric
effects and multiple possible monomer conformations due to
a high conformational freedom) that are required to
suppress an elongated growth.' ! As a result, we were
able to increase the dye-dye distances, thereby attenuating
the aggregation at the stage of short oligomers and leading
to maintained emission compared to the monomer state.
This new strategy broadens the scope of anti-cooperative
self-assembly and might facilitate an adequate transfer of
photophysical properties from the molecular to the self-
assembled state.

Results and Discussion
Mechanistic Insights into the Self-Assembly of 1

Initial self-assembly studies of 1 were conducted using UV/
Vis spectroscopy. In a range of polar organic solvents at c=
10 and 100 pM, typical absorption spectra of monomeric
BODIPY are obtained for 1 at room temperature (RT): a
sharp Sy—S; transition centered at around 518 nm and a less
intense S,—S, transition band at 377 nm (Figure la (red
spectrum) and S7). On the other hand, a slight decrease of
absorbance along with a minor red shift of the absorption
maximum (A,,, =520 nm, AA=2nm) are observed in non-
polar methylcyclohexane (MCH) (blue spectrum in Fig-
ure la, see also Figure S7). Additionally, a broadening of
the main absorption band is observed, suggesting the
formation of an aggregated species (Aggl) in MCH. This
atypical aggregate absorption spectrum, almost unaltered in
comparison to the monomer, suggests the presence of weak
aromatic interactions between the BODIPY dyes.'"*"!

Complementary emission studies (4,.=500nm, Fig-
ure 1b) disclose a single, intense emission band for both
monomer (A,,,~541 nm) and aggregate (Aggl, Ay
~549 nm), which supports the hypothesis of weak exciton
coupling of the dyes in the aggregated state. Interestingly, as
a result of this effect, a remarkable quantum yield (¢p) is
obtained upon aggregation in MCH, almost as high as that
determined for the monomer in CHCl; (see emission
intensity of the monomer and aggregate solutions, inset
Figure 1b, 1 (mon): ¢,=30% and Aggl: ¢-=26%). Even
though the ¢p values are within a similar range of other
BODIPY dyes reported in the literature,”*™ the nearly
unchanged ¢r in non-polar solvents upon aggregation is a
highly unusual observation.***! Typically, strong H-type
exciton coupling leads to a drastic reduction of fluorescence
quantum yields,* while J-Aggregates can lead to a slight
decrease,’! as well as increase in fluorescence quantum
yield,”™™ depending on the accessibility of nonradiative
pathways. These results highlight the efficient retention of
emissive properties based on molecular design. Additionally,
time resolved photoluminescence decay studies found a
similar average lifetime for both species, which confirms the
weak influence of the aggregation on the emissive properties
(Figure S8, Table S8).
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Figure 1. Absorption (a) and emission spectra (b, 4., =500 nm) of compound 1 in a molecularly dissolved (CHCl;, inset: right solution) and
aggregated state (MCH, inset: left solution) (c¢=10 mM, T=298 K). VT-Absorption (c) and VT-emission spectra (d, A, =500 nm) in MCH
(¢=20 pM, 10 Kmin™', 363 K-268 K). e) Concentration-dependent absorption studies in MCH at 333 K. f) Goldstein-Stryer fit with variable o at

333K

Besides the weak dye coupling, another plausible
explanation for the high emission intensity in MCH might
be the formation of J-type aggregates. However, this
hypothesis can be ruled out, as the red-shift in absorption
(AA=2nm) is insignificant and the Stokes shift is higher
with respect to the monomer (A¥,,,,=821cm™" vs. AVyge =
1016 cm ™', Figure S7), which are not in agreement with a
typical J-type aggregation process."*!

The reversibility of the monomer-to-aggregate trans-
formation was next investigated in MCH using variable
temperature (VT) emission and absorption spectroscopy
covering a broad concentration range (0.4 uM-3 mM; Figur-
es lc,d and S9-S18). Upon cooling monomer solutions of 1
in MCH from 363 K to 268 K, a small red-shift of the
maximum and a broadening of the main absorption band
are observed (Figure 1c). The spectral changes are inde-
pendent of the cooling ramp (0.1 Kmin™" vs. 10 Kmin™),
which highlights the thermodynamic stability of Aggl (Fig-
ure $8).*!! Intriguingly, VT-emission studies in MCH show
slightly higher emission intensity for Aggl at low temper-
atures compared to the monomer state at high temperatures
(Figure 1d). These findings underline that the emission
properties of the monomer state are preserved upon self-
assembly. Thermodynamic insights into the underlying self-
assembly mechanism of 1 were obtained by monitoring the
absorption changes at 530 nm for 25 different concentrations
(0.4 yM-3 mM) and subsequent fitting to the isodesmic
model*? (Figures S10-S18, Table S1). However, at this
stage, the experimental data points deviate from a perfect
sigmoidal curve, which suggests that an anti-cooperative
mechanism may be operative. 2%
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In order to further inspect the self-assembly mechanism
of 1, we performed additional concentration-dependent
absorption studies at constant temperatures in a range
between 273 K and 363 K. In agreement with VT-studies,
monitoring the spectral changes against concentration
reveals sigmoidal-like curves lacking a critical concentration
with a sudden onset of self-assembly, which rules out a
conventional cooperative assembly process. Thus, the ob-
tained plots can only be explained considering either an
isodesmic or an anti-cooperative mechanism. In order to
address this matter, we analyzed the extracted data with a
weakly anti-cooperative (c=10) vs. isodesmic fit (c=1)
using the Goldstein-Stryer model (Figures 1f and S19-
$22).% Especially in the lower (a4, =0.0-0.1) and upper
(e =0.9-1.0) aggregation regimes, discrepancies to an
isodesmic process are found and the experimental data
points are more accurately described by a weakly anti-
cooperative model (Figure S19-S22). The derived thermody-
namic parameters (van’t Hoff plot, Figure S22) using the
isodesmic and the anti-cooperative nucleation process (en-
ergetically most favorable state) only exhibit minor differ-
ences. However, the elongation process is discarded in the
isodesmic fit and the thermodynamic parameters of this
process exhibit a higher discrepancy in the standard entropy
and, consequently, in the free Gibbs energy (Figures S19-
S22, Table S2-4). Likely, the dominance of strong steric
repulsion upon aggregate growth frustrates the
supramolecular polymerization, halting the growth at the
stage of small oligomeric structures for 1. This would be a
reasonable explanation for the small absorption and emis-
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sion changes observed for 1, even at high (mM) concen-
trations.

Conformational analysis of 1

In order to rationalize the origin of the experimentally
observed weak anti-cooperative self-assembly process, the
various molecular elements of 1 need to be considered. In
addition to a urea hydrogen bonding synthon, aromatic
moieties and sterically bulky trialkoxybenzene groups, 1 has
several rotatable single bonds that provide the system with
some conformational freedom. As a result, competing
monomer conformations may strongly influence the
(pre)nucleation of 1, thereby determining the self-assembly
outcome.™ Due to the unsymmetrical meta-substitution
pattern of the benzene rings connecting the BODIPYs and
the urea motif, three distinct conformations are possible:
syn—syn, syn—anti and anti—anti (Figure 2d). A computational
approach was utilized to investigate this complex monomer
energy landscape using TD-DFT in the gas phase (0B97X-
D*1/6-31G**!), The dodecyloxy side chains were reduced to
methoxy to decrease computational expenses. ®B97X-D is a
long-range corrected hybrid density functional with disper-
sion correction that is particularly suited for BODIPY
derivatives.[”! Further computational details are given in the
Supporting Information. In accordance with the literature,
the calculations predict that the urea group of 1 prefers the
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trans—trans conformation.”) With regards to the relative
orientation of the BODIPY units, the three previously
mentioned conformers (syn—syn, syn—anti and anti-anti)
were optimized (Figure 2d). According to the calculations,
the following conformer stability is predicted from more to
less stable: syn—anti>anti-anti (+5 kJmol™) >syn-syn (+
7 kJmol ') (Figure 2d, Table S10). The highest stability of
the syn-anti conformation can be rationalized by the
opposite orientation of the BODIPY dyes on both sides of
the urea, which minimizes potential steric effects. On the
other hand, in the anti-anti conformation, the two BODIPY
cores are oriented oppositely to the urea carbonyl forming a
ca. 90° angle (Figure 2d). The closer distances between the
BODIPY cores in this conformation accounts for its slightly
lower stability compared to the syn—anti conformation.
Finally, the energetically less stable syn—syn conformation is
the one with the closest distance between the BODIPY
centers (B-B) (16.8 A for syn—anti, 15.0 A for anti-anti, and
8.9 A for syn—syn).

While our gas phase computations predict that the syn—
anti conformation of monomer 1 is energetically more
stable, crystal structures of simple 1,3-disubstituted phenyl
ureas reveal that the anti-anti conformer is preferred in the
solid state.”) In the literature examples, the substituents
were halogens or methyl, versus our BODIPY core. It is
possible that the anti—anti conformation, even if less stable
than the syn—anti form, may be the preferred conformation
of 1 in the self-assembled state. Or more likely a complex
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Figure 2. a) Molecular structure of 1. b), c) 2D ROESY NMR experiments of 1 in CDCl; (¢=10 mM, 333 K). d) Optimized geometry and relative
stability of BODIPY conformations using ®B97X-D/6-31G* method in the gas phase. The dodecyloxy chains have been reduced to methoxy to
decrease computational costs.
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equilibrium between rotamers may be feasible in the
monomer state, with the syn—anti possibly being the most
stable conformation, which reaffirms the high conforma-
tional freedom encoded in the molecular design of 1.

To experimentally probe the existence of conformers,
the molecularly dissolved species in CDCl; was investigated
by 2D NMR (COSY and ROESY, Figures 2a—c and S23-
S25). Interestingly, the BODIPY methyl protons adjacent to
the benzene spacer (H, (orange) and H; (grey)) couple with
both protons H, (yellow) and H, (green) from the benzene
spacer (Figure 2b and S24). Given that the BODIPY core
must necessarily arrange out-of-plane with respect to the
adjacent benzene spacers to avoid steric repulsion, the
observed coupling signals suggest the existence of a fast
equilibration between various rotamers. Otherwise, if the
BODIPY units were arranged in a fixed conformation, only
a single correlation signal (for instance CH;(H,) with H, but
not with Hy) would be observed. An additional observation
is the coupling between the aromatic protons from the
benzene spacer (H;, (green) and H, (red)) and the urea N-H
protons (H; (cyan), Figure2c and S25). These findings
indicate that the urea and the adjacent benzene rings are not
perfectly arranged in-plane, as suggested by theoretical
studies (Figure S38). Further, a potential contribution of
various rotamers might occur. Additionally, the urea N—H
(H;) couples with one of the methyl groups of the BODIPY
(CH;5(Hy)), which is only possible if both protons are
pointing in the same direction, i.e. arranged in the same
plane. Furthermore, the protons of the dodecyl chains
exhibit a discrete coupling with the protons of the trialkox-
ybenzene ring (H, (pink)) and with one methyl group
(CH;(H,)) of the BODIPY dye. These findings indicate that
the solubilizing aliphatic chains partially surround the
aromatic BODIPY dye, which may induce steric effects that
frustrate the assembly. Overall, 2D NMR experiments
suggest a monomer structure of 1 potentially involving
multiple rotamers and a high degree of conformational
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freedom, which may possibly contribute to the attenuated
growth exhibited for Aggl (see below).

Analysis of Preorganization and Prenucleation Events

We next studied how the mixture of conformers evolves
upon decreasing the polarity of the solvent. To this end, we
performed solvent-dependent denaturation studies at vari-
ous concentrations using MCH and CHCl; as “poor” and
“good” solvent, respectively. The studies reveal an intriguing
multistep transition between monomeric and self-assembled
state at high concentrations, with a distinct pre-nucleation
regime (Figure S28, S29). This observation prompted us to
inspect the conformational changes of 1 during the preorga-
nization step in more detail. To this end, we selected suitable
experimental conditions of solvent system and concentration
(MCH/CDCI; 1:1 (v/v), 10 mM) and subsequently subjected
monomeric 1 to VT-'HNMR experiments between 328 K
and 298 K. Notably, the proton signals of the N—H urea
group (H;, cyan) and those of its neighboring aromatic rings
H, (red), undergo marked shifts to higher ppm values upon
cooling (Figure 3a). Considering that all other proton signals
of 1 remain sharp and invariant with temperature, the
observed behavior can be partially explained by intra-
molecular hydrogen bonding between the urea C=0O group
and the neighboring C—H aromatic protons (H,), with
potential contributions of solvent-solute interactions.” Such
intramolecular C—H--O interactions are preferred over the
typical bifurcated urea hydrogen bonding patterns in nitro-
phenyl ureas, where the electron withdrawing nitro groups
likely increase the acidity of the aryl H.P' The relatively
large shifts of the urea proton signals (Hj) cannot be solely
explained by the previously mentioned intramolecular
preorganization event via C—H--O hydrogen bonding.

Thus, this process is most likely concomitant with the
initial stages of an oligomerization event driven by N—H--O
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Figure 3. VT-"H NMR (a) and absorption spectra (c) of 1in MCH-d,,/CDCl; (1/1 (v/v), c=10 mM cooling (5 Kmin~') from 328 K to 298 K.
b) Optimized geometry of 1 anti-anti without geometric constraints using ®B97X-D/6-31G* method in the gas phase. d) Optimized structure
using ®B97X-D/6-31G* method in the gas phase by freezing the linker urea and the attached benzene with variable intramolecular hydrogen bond

length between CH(H,)-CO(O).
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hydrogen bonding, as also suggested by UV/Vis (see
comparison of red and black spectra in Figure 3c). The
potentially restricted intramolecular motion of 1 assisted by
intramolecular C,,.,=O--H,—C(aromatic) interactions was
further examined by TD-DFT. Three rotamers of the anti-
anti conformer of 1 with different torsional angles between
the urea carbonyl and the adjacent phenyl groups were
optimized (M1: 15.66°, 18.27°; M2: 50.44°, 53.26°; M3: 74.76°,
80.40°) using a similar method (0B97X-D/6-31G*, see
Supporting Information for further computational details).
Interestingly, the computations suggest that the overall
stability of the structure dramatically decreases as the
phenyl groups rotate out of the plane of urea, as seen in
Figure 3d. The geometry of the anti-anti conformer and
restricted rotation between CH(H,)--CO(O) further sup-
ports the initial 2D NMR and VT-'H NMR experiments.
The same study was carried out with two additional func-
tionals (B3LYP/6-31G*, and B3LYP-D3/6-31G*), yielding
similar results (Table S11). We hypothesize that the intra-
molecular interaction C,,.,=O--H,—C(aromatic) restricts the
molecular rotation of 1, thereby preorganizing the monomer
and making it more susceptible to further nucleation and
oligomerization.
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Interplay between Preorganization and Oligomerization

To investigate the interplay between intra- and intermolecu-
lar interactions in the self-assembly of 1, we employed
combined VT-'HNMR, UV/Vis and FTIR experiments in
pure MCH (c=0.5 and 1 mM, 363 K-283 K). Given that
solvophobic and aromatic interactions are favored under
these conditions, 1 can reach a fully self-assembled state at
low temperatures (283 K) (Figure 4 and S26, S27). On the
other hand, at the highest temperature (363 K), a partially
disassembled state (a,,,=0.68) is achieved, as suggested by
UV/Vis measurements at 1 mM (Figures 4c and $26). 'H
NMR studies at high temperatures (363 K) reveal relatively
sharp signals (Figure 4a), highlighting the existence of weak
intermolecular interactions of the chromophores of 1 under
these conditions. This is supported by the presence of a
single carbonyl stretching band at 1724 cm™ in FTIR (Fig-
ure 4b). Interestingly, controlled cooling from 363 K to
283 K allows the identification of the previously mentioned
pre-organization and oligomerization steps, the latter be-
coming more prominent at lower temperatures. At inter-
mediate temperatures (323 K), the deshielding of the proton
signals H, is in accordance with the preorganization step via
intramolecular C,,..=O--H,—C interactions (Figure 4a—c). As
a result of this rotational restriction, aromatic interactions
become feasible in this low-polarity medium (MCH), as

100{— 363K 100
b) T —323K d) T
= ®
5o\ 5%
8 »
§ ! £
£ 90 2 90
= o
1740 1700 1660 T 1740 1700 1660
wavenumber / cm? —— wavenumber / cm' —
— 363K —323K
C) “.0—323}( e)Tm—zsaK
5
805 205
8 2
<< <
0.0 0.0
300 400 500 600 300 400 500 600
Alnm ——= Alnm ——

intermolecular aromatic interactions

preorganization

nucleation

anti-cooperative growth

Figure 4. VT-"H NMR (a), FT-IR (b, d) and absorption spectra (c, e) of 1in MCH-d,,/CDCl, (1:1; v/v, c=1 mM, a) and in MCH (¢c=1 mM, b—e)
cooling from 363 K to 283 K, using a cooling rate of 5 Kmin™' (a, c and e). f) Optimized monomer, dimer and tetramer structures of 1 highlighting
the different steps in the self-assembly process (calculations were perfomed using the ®B97X-D/6-31G* method (monomer) or the semi-empirical

PM6 method (dimer and tetramer) respectively).
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indicated by the concomitant shielding of the proton signals
of the benzene spacers adjacent to the urea group (Hg;). In
sharp contrast, the BODIPY methyl groups exhibit almost
no shifts and no broadening upon cooling (Figure 4a, black
resonances) in this temperature range. These observations
corroborate that n—n interactions between the BODIPY
dyes are hindered during the preorganization step, possibly
induced in part by steric effects of the bulky trialkoxyben-
zene meso-substituents.

On the other hand, further cooling from 323 K to 283 K
induces an overall signal broadening, which is more
pronounced for the urea N—H protons and the aromatic
protons from the benzene spacer than it is for the protons of
the BODIPY core (Figure 4a). Particularly pronounced are
the downfield shifts of N-H urea protons (H;, cyan), which
are by far the most affected resonances in VT- NMR
(Figure 4a). This observation, in combination with the rise
of a new broad carbonyl stretching band at 1700 cm ™" (Av =
24 cm™, Figure 4d) in FTIR, suggests the formation of
intermolecular C=0--(H-N), hydrogen bonds between the
urea groups (323 K—283 K).

As a result of these interactions, an oligomerization
process sets in, as evident from the overall broadening of all
aromatic resonances in VT- NMR upon cooling to 283 K. To
further analyze the packing of 1, 2D ROESY investigations
were performed at different stages of the self-assembly using
different mixtures of CDCl; and MCH-d,,. In these studies,
only the alkoxy chains exhibit new correlation signals
(Figure S34), indicating their active involvement in shielding
the oligomers from the aliphatic solvent, thereby contribu-
ting to restrict their extended growth. Apart from these
interactions, no new correlation signals were detected
compared to the monomer state in CDCl; (Figures 3 and
S33,34), most likely indicating a parallel molecular arrange-
ment to maximize the intermolecular H-bonding interactions
between the urea units (C=O--(H-N),). This proposed
packing is typically found in crystal structures of structurally
related motifs,*! and also supported by theoretical calcu-
lations. Due to the extended system size (268 atoms for a
dimer), geometry optimization was performed by semi-
empirical methods, as described in the Supporting Informa-
tion. Two possible dimer conformations were optimized: a
V-shaped dimer where the monomers are arranged in a
parallel fashion (D) (Figure 4f) or a cross-shaped structure
where the monomers are arranged orthogonally (D1) (Fig-
ure S39). While both types of packings have been previously
observed for urea-based building blocks," the parallel
dimer is energetically more favorable (<7.89 kJmol™) and
supports the initial TD-DFT-optimized structure. In the
optimized dimer D, bifurcated C=0O--(H-N), hydrogen
bonds are observed with distances of 2.214 A and 2.265 A.
Interestingly, a similar intramolecular C,.=0--H,—C hydro-
gen bond is observed in D, which further supports the
optimized monomer using the TD-DFT approach. The
hydrogen bonding distances are 2.082 A, 2.089 A (intra-
molecular), and 2.190 A, 2.191 A (intermolecular) (Fig-
ure 4f). This suggests that the initial monomer conformation
may be maintained, at least in part, in the final assembly of
1. To further investigate the potentially restricted rotation

Angew. Chem. Int. Ed. 2022, 202200390 (7 of 10)

Research Articles

Angewandte

intemationaldition’y) Chemie

due to intramolecular C,.=0O--H,—C hydrogen bonds, a
similar calculation was performed for the dimeric model to
obtain optimized structures D2, D3 and D4. In this
approach, the urea and the adjacent benzene rings were
frozen while increasing the C,.=0--H,—C distances (Fig-
ure S39). Similar trends as for the monomer of 1 were
observed: the overall stability of the dimer decreases upon
increasing intramolecular hydrogen bond lengths.

To further elaborate on the origin of the anti-coopera-
tive growth of 1 we expanded these calculations to short
oligomers (trimer and tetramer) with methoxy groups
(Figures S40, S41). The computations reveal nearly identical
changes in Gibbs energy for each monomer addition, which
would agree with an isodesmic growth. However, potential
steric effects of the long dodecyloxy chains, which were not
considered in the calculations to reduce computational costs,
may also contribute to the observed weak anticooperative
behaviour. Interestingly, we observe an increasingly less
favorable addition for each monomer upon increasing the
alkyl chain length, highlighting the influence of the alkyl
chain flexibility (Figure S41 and Table S15).5

Morphological Analysis of the Self-Assembly

The size and shape of the assemblies formed by 1 were
analyzed by combined atomic force microscopy (AFM),
transmission electron microscopy (TEM), diffusion ordered
spectroscopy (DOSY), small-angle X-ray scattering (SAXS)
and dynamic light scattering (DLS). AFM studies, per-
formed upon spin-coating aggregate solutions of 1 in MCH
on highly-oriented pyrolytic graphite (HOPG), display
small, distorted elliptical objects with a broad length (27.7 +
8.1 nm) and width distribution (18.7+7.8 nm) (see Figure Sb

12 1.6 2.0
height [ nm- .

it 001 =
E-5 i
000] Ese

E-6

E-1 E-4 E-3 E-2E-1 1 E+1E+2E+3
time { us

Figure 5. a) Cartoon representation of the molecular orientation of 1 on
HOPG. b) AFM studies of 1 with corresponding height-profile histo-
gram (inset). Solutions used for these studies: MCH at 20 yM and

273 K. c) Experimental SAXS profiles (circles) for Aggl in MCH at

~2 mM (blue) and ~4 mM (red) and the corresponding fittings (solid
lines) to the customized model spheres. d) Correlation function of the
DLS studies at 100 pM, 298 K in MCH.
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and Table S5). Close analysis of 15 objects discloses an
aspect ratio™ of 1.640.5 (isotropic systems exhibit an
aspect ratio of 1), which is in agreement with the minor
degree of anisotropy expected for an anti-cooperative
growth.’ Note that the extremely small size of the
aggregates cannot be accurately determined by AFM owing
to tip-sample convolution® leading to an artificial
broadening.” Nevertheless, the observed length distribu-
tions are within the typical range of short oligomers.?
Additionally, these small aggregates exhibit a uniform
height of 1.14+0.3 nm, which agrees well with the formation
of 1D stacks of 1 that are arranged parallel to the HOPG
substrate to maximize the interactions with the dodecyl
chains (see Scheme in Figure 5a). These findings were
further supported by TEM studies, which revealed nano-
particles with a similar size (Figure S35).

To further elucidate the size and morphology of the
formed nanostructures in solution, combined DOSY, SAXS
and DLS studies were performed (Figure 5 and Figure S36).
DOSY experiments for molecularly dissolved 1 in CHCI; at
298 K and 1 mM unveil a hydrodynamic diameter of 2 nm,
which matches the expected molecular length of ~2.5 nm
(Figure S36). Unfortunately, we were unable to obtain a
sufficiently resolved DOSY signal in pure MCH under
identical conditions due to the fast relaxation process in the
aggregated state. Nevertheless, at slightly elevated temper-
atures (323 K) and weakened aggregation (a,,,~0.9), a
hydrodynamic diameter of 2.2 nm was obtained. This value
is only slightly larger than the monomer, and demonstrates
that the formation of extended aggregates is unfavorable
even at high concentration. The presence of discrete nano-
structures, i.e. oligomers, not detectable in DLS experi-
ments, is further supported by the rapid decay rates
observed in the autocorrelation function (Figure5d and
S36).°

More accurate information on the size and morphology
of the aggregates could be traced by SAXS experiments in
MCH. Figure 5c shows the SAXS profiles for compound 1 at
2 and 4 mM. Both curves show practically no q~' slope which
is characteristic of non-fibrillar discrete aggregates. In this
line, the experimental curves were found to fit best to the
sphere customized model with a calculated radius of ~13 A
(a diameter of ~2.6nm, see Supporting Information),"
which remains invariant upon increasing concentration.
These results indicate that the morphology of Aggl consists
of spherical objects with an aspect ratio of close to 1,°” in
reasonable agreement with AFM. Remarkably, the radius
obtained from the SAXS experiments matches well with the
hydrodynamic diameter determined in DOSY and confirm
the existence of small discrete aggregates that are typical for
an anti-cooperative self-assembly process into short oligom-
ers.

Conclusion

In conclusion, we have demonstrated a new tool to facilitate
anti-cooperative self-assembly and maintained emission by
combining a hydrogen bonding synthon with a sterically
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hindered appended dye moiety exhibiting pronounced
conformational freedom. Thermodynamic analysis of the
spectral changes observed in temperature- and concentra-
tion-dependent UV/Vis reveal that the newly designed
BODIPY-appended urea-based chromophore 1 undergoes a
weakly anti-cooperative self-assembly (Aggl). Detailed 1D
and 2D NMR studies complemented with theoretical
calculations demonstrate that the conformational freedom
of 1 has a great impact on molecular preorganization and
pre-nucleation events. The existence of intramolecular H-
bonding between the urea carbonyl and the adjacent
aromatic rings via C—H--O interactions preorganizes the
molecular structure of 1 in an anti—anti conformation, which
is effective for subsequent aggregate growth. However,
increasing steric effects outweigh at some point intermolec-
ular urea-urea H-bonding interactions, which limits the self-
assembly to afford only small oligomers. The inability of 1 to
form elongated polymers even at high concentrations has
been demonstrated by DOSY NMR, DLS, SAXS, TEM and
AFM, which are all consistent with the formation of small
oligomers. Interestingly, due to the weak exciton coupling
between the BODIPY dyes in the aggregate state, an
efficient transfer of photophysical properties from the
molecular to the supramolecular level is achieved. Remark-
ably, Aggl exhibits a fluorescence quantum yield in the
range of molecularly dissolved 1 (26 % vs. 30 %) which is an
uncommon phenomenon in the self-assembly of fluorescent
dyes. Our results demonstrate the potential of combining
hydrogen bonding with steric and conformational effects to
control the size and photophysical properties of self-
assembled structures. This approach might contribute to
develop new functional materials based on self-assembled
emissive dyes, with potential applications in the fields of
biomedicine and imaging.
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The fine tuning of emissive properties in
the self-assembled state represents a
bottleneck in contemporary
supramolecular research. Herein, the
effective transfer of emissive behavior
from the molecularly dissolved to the
aggregated state mediated by the deli-
cate balance between attractive and
repulsive interactions is demonstrated,
leading to an anti-cooperative size-re-
stricted growth with weak dye—dye inter-
actions.
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