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Expanding the Scope of Metastable Species in Hydrogen Bonding-
Directed Supramolecular Polymerization

Jonas Matern, Zulema Ferndndez, Nils Bdumer, and Gustavo Ferndndez*

Abstract: We reveal unique hydrogen (H-) bonding\
patterns and exploit them to control the kinetics, path-
ways and length of supramolecular polymers (SPs). New
bisamide-containing monomers were designed to eluci-
date the role of competing intra- vs. intermolecular H-
bonding interactions on the kinetics of supramolecular
polymerization (SP). Remarkably, two polymerization-
inactive metastable states were discovered. Contrary to
previous examples, the commonly assumed intramolecu-
larly H-bonded monomer does not evolve into intermo-
lecularly H-bonded SPs via ring opening, but rather
forms a metastable dimer. In this dimer, all H-bonding
sites are saturated, either intra- or intermolecularly,
hampering elongation. The dimers exhibit an advanta-
geous preorganization, which upon opening of the intra-
molecular portion of the H-bonding motif facilitates SP
in a consecutive process. The retardation of spontaneous
self-assembly as a result of two metastable states enables
length control in SP by seed-mediated growth. )

Introduction

Hydrogen bonds (H-bonds) play a crucial role in a plethora
of physico- and biochemical processes in nature, including
the anomalous properties of water,!! the stabilization of
DNA double strands,? protein folding,” substrate-specific
enzyme recognition® or ion transport through cell
membranes,”! among others."”! The diversity of the processes
in which H-bonds are involved can be correlated to their
versatile nature, strength and directionality.” Inspired by
their unique properties, researchers have investigated and
exploited H-bonds in different fields, such as targeted drug
delivery,® liquid crystals,” crystal engineering,'” (asymmet-
ric) catalysis""! and others.'” In the field of self-assembly,
H-bonding motifs are commonly used supramolecular
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synthons that facilitate the formation of ordered and highly
stable (co-)assemblies.”! Furthermore, their combination
with other secondary interactions in an orthogonal manner
represents a powerful method to promote a cooperative
growth.['4

Even though H-bonds have been used for more than
three decades in supramolecular polymerization (SP), it has
not been until recently when their role on kinetically
controlled self-assembly has been examined.'>!'**) In his
context, the development of monomer units that are able to
engage in competing intra- and intermolecular H-bonding
interactions has represented a key strategy for pathway and
length control in SP.?*? In these systems, the formation of
kinetically stable pseudo-cyclic conformations stabilized by
intramolecular H-bonds (M*, Scheme la) hampers the
establishment of an extended network of intermolecular H-
bonds, which in turn retards polymer elongation. This initial
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Scheme 1. a) Intramolecular H-bonding of bisamides yielding pseudo-
cycles. b) Molecular structure of bisamides 1 and ref-1. ¢) Schematic
energy landscapes illustrating the competitive aggregation pathways
usually observed for intramolecularly H-bonded, metastable monomers
(M*, and aggregates A) and the consecutive aggregation of an all-
intermolecularly H-bonded SP from M* via the formation of a closed
dimer (D¥) with intra- and intermolecular H-bonds.
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trapping affects various properties of the supramolecular
system (e.g. chirality),"®*"*! and can be exploited to
spatiotemporally control the self-assembly, for example by
seed-induced or living SP.l**! In recent years, the develop-
ment of several molecular design strategies based on the
formation of intramolecularly H-bonded pseudo-cycles has
allowed to gain important insights into structure—property
relationships, such as the length and nature of the linkers
spacing the H-bonding sites.'**" In all of these studies, the
competitive formation of a kinetically formed pseudo-cyclic
monomer conformation via intramolecular H-bonds (M* in
Scheme 1c, left) has been postulated as the main reason for
the retardation of the SP. Apart from intramolecular H-
bonds, other strategies for controlled SP based on the
retardation of spontaneous self-assembly include the chem-
ical (de-)activation™ or light-induced conformational
changes in the monomer state.”! The vast majority of
approaches where the kinetic species serving as SP feedstock
is not a monomeric species rely on the formation of
competitive/off-pathway aggregates. Strategies to spatiotem-
porally control SP through intermediates formed in a
consecutive process are less explored™! and especially small,
discrete supramolecular intermediates,*"! which might be
beneficial for size-limited systems, are underdeveloped in
this context.

We herein examine the self-assembly of an unsym-
metrical pyridine-based building block 1 bearing bisamide
groups and solubilizing alkoxy chains (Scheme 1b). Addi-
tionally, to exclude a contribution of secondary interactions
of the pyridyl moiety to the kinetics of the SP and thus be
able to generalize our findings, control experiments with a
new benzyl-substituted analogue (ref-1) were performed
(see the Supporting Information). Interestingly, we discover
an unprecedented sequence of self-assembly events leading
to a complex energy landscape that contrasts with the
current state of knowledge: we unravel a new metastable, H-
bonded dimeric species (D*) incorporating both intra- and
intermolecular H-bonds, which further extends the polymer-
ization-inactive regime. The ideal preorganization of intra-
and intermolecular H-bonds in D* enables the consecutive
transformation of the initial intramolecularly H-bonded
pseudo-cyclic monomers (M*) into intermolecularly H-
bonded SPs without the need of significant molecular
reorganizations. Ultimately, the seeded-growth approach
was successfully applied to the metastable dimers, enabling
precise control over the dimensions of the SPs. Our results
introduce a new molecular design strategy for spatiotempo-
ral control not only over the dimensions of SPs, but also
over the size of the kinetic/metastable intermediates, thus
broadening the scope of controlled SP.

Results and Discussion
Thermodynamic and Kinetic Self-Assembly Studies
In order to examine the experimental conditions under

which 1 self-assembles, solvent-dependent UV/Visible (UV/
Vis) studies were performed. At a concentration of 20 pM,
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characteristic absorption bands originating from n—n*
transitions are observed between 250-325 nm in a variety of
solvents that typically favor a molecularly dissolved state
(CHCl;, DCE, DCM, Figure la and Figure S2). Despite
some minor changes in intensity, using methylcyclohexane
(MCH, cyan spectrum) as typical aggregation-inducing
solvent does not affect the position of the absorption
maxima (292 nm and 310 nm) or the spectral pattern. Even
if the concentration is raised by one order of magnitude
(200 uM, dotted blue spectrum), still the spectral character-
istics resemble those of monomeric 1 in good solvents.
However, upon ageing (solid blue spectrum), H-type
aggregation occurs in MCH, as suggested by the hypsochro-
mic shift of the absorption maximum to 276 nm and the
decrease in intensity of the maximum at 310 nm.”? Such a
retardation of the spontaneous SP in MCH points to the
presence of a Kkinetically controlled species, presumably
featuring intramolecular H-bonds.!'%2>3]

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) revealed the formation of extended
fibers exhibiting a strong tendency to bundle, both under
dilute (Figure 1b and Figure S3) and concentrated condi-
tions in MCH after equilibration (Figure 1c and Figure S4).
These bundles can reach heights of several hundreds of nm
and widths of several microns, while the smallest fibers were
determined to have a height of approximately 5 nm and a
width of ~50 nm (for details see Figure S3). At millimolar
concentrations, this bundling leads to the formation of an
extended network of interconnected fibers, causing gelation
(Figure 1c and Figure S3).

Temperature-dependent spectroscopy studies at differ-
ent concentrations and cooling rates were carried out to
elucidate the self-assembly mechanism. The variable tem-
perature (VT)-UV/Vis spectra of 1, registered between
368 K and 278 K at a rate of 1 Kmin™', show a two-stage
transition upon cooling (Figure 2a and S1): during the initial
temperature decrease to 288 K, the overall intensity slightly
increases, accompanied by a small bathochromic shift of the
absorption maxima by 2-3nm (process A, Figure S1b).
Apart from this, no changes in the spectral shape occur.
Subsequently, the spectral features change drastically upon
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Figure 1. a) UV/Vis absorption spectra of 1 recorded in different
solvents (if not stated otherwise: c=20 pM, T=298 K). b) AFM image
of fibrous aggregates of 1in MCH at c=40 pM. c) SEM image of a
xerogel of 1in MCH (¢c=2 mM) and photograph of the gel.
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Figure 2. a) VT-UV/Vis absorption spectra upon cooling a solution of 1in MCH (c=200 uM, 1 Kmin™"). Inset: aggregation plots and cooperative fit
curves at different concentrations at a cooling rate of 0.1 Kmin™' (=290 nm). b) Kinetic profiles of aggregate formation over time (=292 nm)
after rapidly cooling a hot monomer solution at different concentrations (top) and different temperatures (bottom). c) Emission spectra

(Aex. =292 nm, T=298 K) of 1 in the monomer state (red, c=20 pM), the metastable regime (purple, c=20 yM) and the aggregated state (blue,

¢=1 mM), normalized to the highest intensity.

further cooling to 278 K, resulting in the spectra of the
aggregated species (process B). Plotting the absorption at a
given wavelength against the temperature yields non-
sigmoidal curves, which could be fitted to the nucleation-
elongation model (inset in Figure 2a, Figure S1),0 revealing
a cooperative polymerization mechanism. Successive cycles
of cooling and heating of the same solution result in a large
thermal hysteresis, which is strongly affected by the applied
cooling rate (Figure S5). Remarkably, even at the slowest
cooling rate (0.1 Kmin™"), which should favor a thermody-
namically controlled self-assembly, a pronounced hysteresis
is still observed. Altogether, this behavior is characteristic
for the formation of metastable species, which retard
spontaneous self-assembly. For this reason, the thermody-
namic parameters derived from fitting the cooling curves,
even at the slowest rate, possibly do not accurately describe
the SP process (for details see the Supporting Information).

The kinetic evolution of the self-assembly after rapid
cooling was monitored over time to gain insights into the
effect of concentration and temperature on the metastable
regime. This should allow a characterization of the meta-
stable species as consecutive (on-pathway) or competitive
(off-pathway) with respect to the thermodynamically stable
SPs.®! In the literature, two scenarios for the concentration-
dependency are typically found: if the metastable species is
a trapped monomer conformation (e.g. via intramolecular
H-bonds, such as M*), the acceleration of the transforma-
tion upon increasing concentration is diagnostic of a
competitive process.’*>! In contrast, when the metastable
species is a trapped aggregate instead of a monomer, an
acceleration at higher concentrations is characteristic for a
consecutive transformation.™?! Figure 2b shows the devel-
opment of the absorption of 1 over time at different
concentrations (top) and temperatures (bottom). Analogous
experiments for ref-1 are shown in Figure S6. An increase in
concentration results in a faster formation of the
supramolecular polymers, whereas the temperature has the
inverse effect. Considering that our molecular design can
satisfy both of the previously described scenarios (the
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metastable species can be either an aggregate or an intra-
molecularly H-bonded monomer M*), the observed temper-
ature and concentration effects on the kinetic profiles could
be explained in two different ways: i) The formation of a
metastable monomer species in a competitive process; ii) the
formation of a kinetically controlled aggregate that is a
precursor of the thermodynamic polymer in a consecutive
pathway. Dynamic light scattering (DLS), AFM and SEM
studies showed that no defined nanostructures were formed
in the initial lag phase, whereas networks of elongated fibers
were detected after thermodynamic equilibration (Fig-
ure S7), which would suggest the competitive metastable
MONomer case.

Furthermore, emission studies were carried out (Fig-
ure 2c and Figure S8). The monomer species of 1 in CHCl,
(red spectrum) is characterized by an emission band with
vibronic features located between 340-350 nm, which is
commonly observed for OPE-based compounds.F* In
stark contrast, solutions of the aggregated species show a
broad emission at 450 nm (see royal blue spectrum in
Figure 2c). Remarkably, the fluorescence spectrum of the
metastable species recorded in the lag phase after initial
cooling of a hot solution of 1 in MCH (step A in Figure 2a,
purple spectrum) closely resembles that of the aggregated
species, exhibiting a similar featureless emission around
450 nm. This observation is surprising, considering that in
the lag phase no ordered, elongated structures are present
(see previous UV/Vis, DLS and AFM experiments, Fig-
ure S7). To elucidate the origin of the emission band around
450 nm, we performed a filtration experiment: first, a
solution in the lag phase (prepared by instant cooling from
368 K to 298 K) and in the aggregated state (prepared by
slow cooling), were characterized by absorption and emis-
sion studies, respectively. Subsequently, the solutions were
filtered through a syringe filter (0.2 pm) in order to
exclusively remove the aggregate fibers (Figure S9). Despite
some changes in the absorption spectra of the solution
containing aggregates (— removal of the aggregates), the
emission spectra of both solutions were practically unaltered
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after filtration. This indicates that the emission at 450 nm
originates from a small-sized species which does not yet
form elongated structures (for a detailed discussion, see the
Supporting Information).

It has been widely established in the recent past that the
formation of a pseudo-cycle by means of intramolecular H-
bonding can trap monomers in a metastable, polymer-
ization-inactive conformation. For both, 1 and ref-1, the
equilibrium between open and closed conformations has
been proposed based on VT- and concentration-dependent
'"H nuclear magnetic resonance (NMR) studies in CDCl,
(Figures S10 and S11). However, corresponding VT-
fluorescence studies only exhibit a change in the intensity of
the previously observed monomer emission band (.,
~340-350 nm) in the open-closed equilibrium, but no signs
of the broad emission at ~450 nm. Hence, the emission
spectra of the metastable species recorded in the lag phase
in time-dependent studies (4,,,~450nm) do not originate
from a pseudo-cyclic monomer conformation, but rather
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from a different, discrete species. On this basis, the
assumption of a competitive process between the closed
monomer and the elongated polymer can be ruled out,
thereby making a consecutive process the most plausible
event.

Elucidation of the Supramolecular Species

To unravel the structures of the different species with
respect to their molecular packing and the interactions
dictating the respective arrangement, a combination of UV/
Vis-absorption, emission, NMR and Fourier-transform infra-
red spectroscopy (FTIR) studies was carried out (Figures 3
and S12-S16). Starting at the open/pseudo-cyclic monomer
equilibrium in CDCI; at RT, the amount of aggregation-
inducing MCH-d,, in the solution was gradually increased.
Up to an MCH fraction of approx. 40 %, a linear deshielding
(absence of cooperative effects) of the amide resonances
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Figure 3. a) "H NMR studies of 1 upon stepwise increasing the volume fraction of MCH-d, starting from 1009% CDCl; (T=298 K, c=2 mM).

b) Corresponding FTIR spectra in the carbonyl stretching region. c) DOSY 'H NMR recorded in the metastable regime (MCH-d,,, T=353 K,

c¢=2 mM). d) Schematic illustration of the multi-step polymerization mechanism. The dashed grey lines between (a) and (d) should guide the eye
between the NMR spectra in (a) and the corresponding regime of the mechanism depicted in (d) that is probed in the experiment.
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(blue +cyan), the protons of the trialkoxy-substituted phenyl
ring (pink) and the protons in ortho position of the OPE
phenyl ring with respect to the carbonyl (black) is observed
(Figure 3a). On the other hand, the resonances of the
pyridine protons (red and green) are negligibly affected.
These changes are in line with a further shift of the open-
closed equilibrium towards the intramolecularly H-bonded
pseudo-cyclic monomer conformation (process (). This is
confirmed by the wavenumber of the carbonyl stretching
observed in FTIR under equal conditions (ve_o=1647 cm ™',
Figure 3b), diagnostic of the equilibrium between the open
form and the intramolecularly H-bonded pseudo-cyclic
form. Moreover, in the region of the N—H stretching
vibration, two bands are registered: one characteristic for
free N-H groups (3453 cm™') and another one typical of
intramolecularly H-bonded N—H groups (3348 cm™') (Fig-
ure S12b).5* On the other hand, in the regime between 50 %
and 80 % MCH-d,,, the developments of the spectroscopic
characteristics change (process (2). In NMR experiments,
the resonance shifts are more pronounced and no longer
linear (rise of cooperative effects), especially for the amide
groups and the protons of the trialkoxy-substituted phenyl
ring. Remarkably, the resonance of the OPE protons
adjacent to the amide (orange) reverses its shift direction,
starting to shield. Concomitantly, the amide I carbonyl band
in the FTIR spectra splits into two bands: the band
characteristic for intramolecular H-bonding is weakened
(from 1647 cm™ to 1656 cm™) and a less intense shoulder
band at 1635cm™' evolves, which can be attributed to
intermolecular H-bonding. At the same time, the intensity
of the intramolecularly H-bonded N—H stretching band is
significantly increased and a shoulder at lower wavenumbers
develops in the region where typically intermolecular H-
bonds are observed (Figure S12b). Interestingly, the NMR
signals are not broadening and the absorption spectral
features are almost unaltered (Figure S12a), indicating that
these developments originate from interactions in a non-
polymeric state, namely some kind of discrete preorganized
species, i.e. dimer or small oligomer. Further decreasing the
polarity of the solvent mixtures causes the sudden broad-
ening and disappearance of all NMR resonances (process
®), accompanied by the merging of the amide I bands at
1656 cm™' and 1635cm™' into a single, intense band at
1631 cm™" (Figure 3a,b). In the N-H stretching region, a
single band at 3278 cm ™' appears (Figure S12b). The exis-
tence of two different processes (regime (@ and @)
occurring in pure MCH is also supported by combined VT
NMR, absorption and emission experiments (Figures S14—
S16).

The fact that the pyridine protons experience a slight
downfield shift during the self-assembly processes suggests
that the intermolecular association of the chromophores
occurs in an antiparallel fashion, primarily driven by
intermolecular H-bonding, as recently observed for a
structurally similar unsymmetrical pyridine-based
compound.® Another plausible packing mode would be a
parallel arrangement of the monomers, wherein the pyridine
units of adjacent monomers would be stacked on top of one
another. However, this packing would induce a shielding of
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the pyridine protons, which disagrees with our experimental
findings. Therefore, an antiparallel packing would be a
reasonable explanation for the experimental findings, which
is supported by theoretical calculations (see below).

Whereas processes 1) and (@) are well explained by the
known open/pseudo-cyclic monomer equilibrium via intra-
molecular H-bonds and the subsequent SP driven by
extended intermolecular H-bonds, an intermediate process
@ has not been described in the literature. We tentatively
assign this process to the formation of a closed dimer
involving simultaneous intra- and intermolecular H-bonds
(Figure 3d), based on the following evidence: 1) Diffusion
ordered NMR spectroscopy (DOSY) measurements re-
vealed the presence of very small structures (Figures 3¢ and
S17), even at millimolar concentrations. 2) The strong
deshielding of the amide resonances in NMR and the
appearance of stretching bands characteristic for both intra-
and intermolecular H-bonds, both in the carbonyl and N-H
region of the FTIR spectra, agrees with a closed, intermolec-
ularly H-bonded dimer at the expense of the free N-H
groups (process Q) in Figure 3d). Concomitantly, the size of
the seven-membered pseudo-cycle is expanded due to the
constraints imposed by the stronger intermolecular H-bonds
(—vc_o shifts from 1648 cm™ to 1656 cm™). 3) In the
proposed dimer, the individual molecules are well preorgan-
ized to elongate into extended SPs without dissociation into
the open monomer: only the intramolecular H-bond needs
to be dissociated in favor of new intermolecular H-bonds
(process (3)), which is in line with a consecutive polymer-
ization pathway, despite initial formation of the pseudo-
cyclic monomer. 4) The energy barrier for the nucleation of
all-intermolecularly H-bonded SPs is usually increased when
another metastable intermediate exists in addition to the
monomer.””) Thus, the transformation to the intermolecu-
larly H-bonded SPs should be accelerated at higher temper-
atures in the kinetic experiments (— enabling opening of
the closed conformation).'” In contrast, in our case, a lower
temperature is beneficial to surpass the metastable regime.
This can be explained by the weakening of the intra-
molecular H-bonds as a result of the intermolecular H-
bonds developed in the dimer, whose formation is favored
at lower temperatures.

Computational Studies

DFT calculations (B3LYP/6-31(+)G(d,p)) of the different
(supramolecular) species of 1 in MCH as solvent were
carried out in order to further understand the intricate
sequence of assembly events (Figures4 and S21-S23). To
reduce computational costs, the dodecyloxy side chains were
shortened to methoxy groups. As the experimental data
suggests that the SP is primarily conditioned by the different
H-bonding patterns, the removal of the long alkyl chains for
the calculations is anticipated to have a negligible impact on
the simulated SP properties.

Initially, different monomer conformations of 1 were
geometry-optimized in order to compare their relative
stabilities. The DFT calculations revealed a stabilization of
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Figure 4. Sequence of self-assembly events of 1, illustrated by the geometry-optimized structures of different (supra)molecular species obtained by

DFT calculations (B3LYP/6-31(+)G(d,p))-

—8.97 kJmol™' through intramolecular H-bonding in a
pseudo-cyclic conformation when compared to the open
form (Figures4 and S21). Given the two possible intra-
molecular H-bonding connectivities in a pseudo-cyclic form
(both amides can either act as H-bond donor or acceptor
giving rise to two conformers), the two possible conforma-
tions were optimized. The calculations predict that the more
stable pseudo-cyclic conformation is established between
the carbonyl of the 3,4,5-trialkoxybenzamide and the OPE-
bound amide proton, as depicted in Figures 3 and 4. This
conformer was subsequently used as a starting point for the
optimization of the metastable cyclic dimer species (D*),
which was proposed based on the experimental results.
Notably, DFT optimizations of a dimer species D* bearing
both intra- and intermolecular H-bonding interactions
corroborated that this interaction pattern is feasible
(Figures 4 and S22c-e). To computationally quantify the
relative stability of this closed dimer conformation, we also
optimized the geometries of other plausible dimer structures
with either parallel or antiparallel molecular arrangements
in which only intermolecular H-bonds are possible (Fig-
ure S22a,b). Interestingly, the proposed closed dimer D* is
superiorly stabilized in comparison to both the antiparallel
and parallel dimers by AH=-6.19kJmol™! and AH=
—11.95 kJmol ™!, respectively. Moreover, the expansion of
the pseudo-cycle in the metastable dimer was confirmed, as
proposed based on the wavenumbers of the amide I C=O
stretching band in FTIR: the intramolecular N-H--O=C
distance increases from 1.99 A in the metastable monomer
(M*) t0 229 A in D*.

Additionally, we also examined the most plausible
molecular packing in the all- intermolecularly H-bonded SPs
by DFT calculations. To this end, the previously described
parallel and antiparallel dimers were used to grow trimers
and tetramers with the respective arrangement (Figure S23).
In line with previous results, the calculations rendered a
lower energy for the antiparallel orientation when compared
to the parallel alignment (Table S2). In good accordance
with the conclusions drawn from the NMR studies and the
literature,®”! the calculations provide a reasonable explan-
ation for the preferred formation of the antiparallel over the
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parallel arrangements: as a consequence of the unsym-
metrical molecular design, an unfavorable macroscopic
dipole moment would build up upon elongation in a hypo-
thetical parallel arrangement, whereas in the antiparallel
stacking mode, the dipole moment is much lower (see
Figure S23e,f and p Table S2).

As expected, the intermolecular H-bonds in the antipar-
allel packing mode become stronger upon elongating the
stack, which is reflected in the decreasing average intermo-
lecular N-H--O=C distance: 2.05 A (D*)—1.97 A (antipar-
allel trimer)—1.96 A (antiparallel tetramer). Furthermore,
the cooperative character of the SP is supported by the
increasing absolute values of the stabilization energy per
monomer addition step (AE,,, in Table $2).[-*

avg

Seed-Induced Supramolecular Polymerization

Having clarified the steps involved in the self-assembly of 1,
we explored the possibility of a seed-induced SP (SSP) using
the metastable dimer as monomer reservoir/polymerization
feedstock. Polymer seeds with lengths between 50-200 nm
were fabricated via sonication of the supramolecular poly-
mers obtained in stage 3 (Figure S18a,b). Subsequently,
these seeds were added to solutions that were thermally
quenched by instant cooling from 368K to 298K (—
metastable dimers are formed) and the seeded growth was
monitored by atomic force microscopy (AFM). Pleasingly,
SP is instantly initiated and a rapid transformation to large,
elongated fibers within one hour takes place (Figure S18c,d).
The seed-mediated growth allowed us to control the length
of the SP fibers in a living manner through adjusting the
[seed]/[metastable] ratio (see AFM images in Figure 5 and
S19): upon increasing the amount of metastable feedstock
solution leading to ratios of 1:1 to 1:2, 1:5 and 1:10, the
length of the polymer strands grew linearly from an average
of 392 nm to 6381 nm (for details see also Figure S19). Note
that the small, bright artifacts in images (a)—(c) and (e)—(g)
are nanoscopic glass particles released from the cuvettes,
which do not affect the SSP (for details see the Supporting
Information). Furthermore, repeated cycles of adding 1 in

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. AFM images of seed-induced supramolecular polymerization (SSP) of 1 through controlling the [seed]:[metastable feedstock] ratio. a)—
d) Height images. e)-h) Corresponding phase images. Solution condition prior to drop-casting the samples onto HOPG: ¢=20 pM, T=298 K;

ratios [seed]:[metastable]: a), e) 1:1, b), f) 1:2, ¢), g) 1:5,d), h) 1:10.

the metastable state to an invariant amount of polymer
seeds also allowed to gradually increase the size of the
nanostructures in a stepwise manner (Figure S20). Conse-
quently, the D* dimers represent an ideal intermediate for
size control in SP, as they extend the time window of the
metastable regime while simultaneously responding instantly
to the addition of seeds.

Conclusion

In conclusion, our detailed investigations on the self-
assembly of the compounds 1 and ref-1 have brought to light
the existence of a previously unknown metastable species in
the supramolecular self-assembly of hydrogen bonding
synthons. Initially, bisamide-containing building blocks 1
and ref-1 equilibrate between an open, linear form and
pseudo-cyclic monomer conformations stabilized by intra-
molecular H-bonds. Interestingly, in sharp contrast to the
current state-of-the-art in the literature, the pseudo-cyclic
conformation does not dissociate into the open monomer to
initiate extended SP. Instead, it undergoes a subsequent
dimerization to form an unprecedented metastable dimer
species (D*) that incorporates both intra- as well as
intermolecular H-bonds between the amide units. Interest-
ingly, D* serves as a precursor for the formation of the all-
intermolecularly H-bonded, thermodynamic supramolecular
polymer. For this reason, the usual observation of a
competitive formation of intermolecularly H-bonded SPs
with respect to the pseudo-cycle monomer (— closed
monomers have to be converted into open monomers first),

Angew. Chem. Int. Ed. 2022, 61, €202203783 (7 of 9)

is turned into a consecutive process. Nevertheless, the
intermediate formation of the dimer retards the evolution of
elongated SPs, resulting in a polymerization-inactive, meta-
stable regime, which can be exploited to perform seed-
mediated living polymer growth.

Our work not only broadens the scope of kinetically
controlled SP, but also highlights the relevance of complex
hydrogen bonding patterns in controlling the kinetic out-
come of self-assembly processes. In our view, close research
scrutiny of H-bonded assemblies is required to tackle this
challenge.
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