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Solvent-Driven Supramolecular Wrapping of Self-Assembled

Structures

Guillermo Moreno-Alcantar, Alessandro Aliprandi,* Remi Rouquette, Luca Pesce, Klaus Wurst,
Claudio Perego, Peter Briiggeller, Giovanni M. Pavan,* and Luisa De Cola*

Abstract: Self-assembly relies on the ability of smaller and
discrete entities to spontaneously arrange into more organized
systems by means of the structure-encoded information. Here-
in, we show that the design of the media can play a role even
more important than the chemical design. The media not only
determines the self-assembly pathway at a single-component
level, but in a very narrow solvent composition, a supramolec-
ular homo-aggregate can be non-covalently wrapped by
a second component that possesses a different crystal lattice.
Such a process has been followed in real time by confocal
microscopy thanks to the different emission colors of the
aggregates formed by two isolated Pt complexes. This coating
is reversible and controlled by the media composition. Single-
crystal X-ray diffraction and molecular simulations based on
coarse-grained (CG) models allowed the understanding of the
properties displayed by the different aggregates. Such findings
could result in a new method to construct hierarchical
supramolecular structures.

Introduction

Over the past decade, a rapid evolution in the field of
supramolecular polymerization has led to a greater control
over the size and architecture of supramolecular assem-
blies."®! Kinetic experiments have further increased the
complexity of such fascinating process by revealing the
presence of off-pathway aggregates that can buffer the free
monomer and prevent unwanted nucleation process.”’ Such
discoveries have driven the development of novel strategies
to enhance the control of the supramolecular polymerization.
For example by designing monomers able to establish intra-

molecular hydrogen bonds that stabilize the monomeric
species,®” or by blocking the monomers into metastable
aggregates avoiding unwanted nucleation.!'”! Supramolecular
structures with controlled length and narrow polydispersity
have been obtained by converting metastable aggregates into
the thermodynamic assembly by seeded growth in a fashion
that reminds a biological infection process.'*"! Our group has
reported a system where a luminescent amphiphilic Pt"
complex can be kinetically trapped into metastable micelles
and then transformed into thermodynamically stable nano-
ribbons."? In our case, the key point was to study the effect of
the solvent composition on self-assembly process taking
advantage of the dynamic change of the photoluminescent
properties of these Pt complexes.”>"! Indeed, in square
planar platinum compounds, containing conjugated flat
ligands, aggregation can occur, and novel molecular orbital
can arise from Pt-Pt interactions.'”! In particular the forma-
tion of such electronic interactions leads to different photo-
physical properties of the monomer vs. the aggregated
species, due to the interaction of dz’ orbitals in the Pt
centers."®"! Such dynamic behavior has resulted in the
unprecedented real-time visualization of the self-assembly
process. In the quest for supramolecular co-aggregates based
on this kind of compounds, it has been reported the use of
block polymers that can, in turn, interact electrostatically with
different components.?*!

So far, all the attempts to co-assembly or hierarchically
organize different units has been relying either on different
ligands that could interact to form intermolecular bonds®**!
or identical ligands with different metals possessing the same
geometry,>?! or chromophores.”! Indeed, the control of co-
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Figure 1. a) Structures of compounds 1 and 2. b) Top: Molecular structure of 1 determined by single-crystal X-ray diffraction and aggregated
structure of the compound showing the long Pt-Pt distance. Bottom: molecular structure of 2 determined by single-crystal X-ray diffraction and m-
stacked structure of compound 2 showing the short Pt-Pt distances. c) Schematic representation of the packing observed in compounds 1 (top)

and 2 (bottom).

assembly of metal complexes with different crystal lattice has
not been reported. Such difficulties are related to the tendency
to self-sorting of the two different components in solution to
form large supramolecular structures. However, in a very
specific media, such assembly can deviate from the expected
homo-packing and co-assembly, hetero-packing, can occur.

We show that two Pt"' complexes 1'% and 2 (Figure 1a)
which coordinate distinct ancillary ligands, possess dissimilar
self-assembly behavior and, in the same media, the packing of
the complexes is drastically different since they self-sort in
solution to form blue emitting nanoribbons, complex 1, and
yellow emitting fibers, complex 2. The thermodynamic
structures of both the homo-assemblies have been deter-
mined by single crystal X-ray diffraction. However, by a fine
tuning of the polarity of the media it is possible to stabilize the
nanoribbons of 1 and apply on them a molecular wrapping by
2 leading to a supramolecular co-assembly. The reversibility
of the coating has been unambiguously proved by real-time
confocal imaging and spectroscopic techniques. As ques-
tioned by Whitesides and Grzybowsky “Is anything not self-
assembly ?”?”! We think that everything could be assembled
or even co-assembled if the chemical structure and the media
are both carefully designed.

Results and Discussion
Co-Assembly Components

The crystal structure of the blue emitting form of
compound 1 is shown in Figure 1b, the asymmetric unit is
composed of a single molecule. It could be observed that the
ethylene glycol chain is bended by the intramolecular hydro-
gen bonds between the oxygens and the amino group. Besides
the intramolecular interactions the ring formation is stabi-

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH

lized by numerous intermolecular hydrogen bonds of glycol
chains of different molecules (Figure S9). Such packing
causes a displacement of the Pt units that are not aligned
and the resulting distance, along the b crystallographic axis is
4.4984(8) A. This distance is considerably longer than the sum
of van der Waals radii of platinum (3.32).%**! As a conse-
quence electronic interactions at distances above 3.5 A do not
take place, and this explains the lack of MMLCT transitions!'
and the blue emissive nature of the compound.

In 2, the longer oligoethylene glycol chain introduce more
disorder and the nearly linear conformation precludes the
formation of the intramolecular interactions observed for 1.
As a consequence a stronger electronic coupling between the
Pt units is observed, induced by the short distance between
two adjacent metal ions (< 3.5 A) (Figure 1c). In detail, the
asymmetric unit in the crystal is formed by three molecules,
two of them displaying disorder in the ethyleneglycol chains
with 60/40 and 50/50 occupancy factors. This inefficient
packing does not promote lamellar hydrogen bonded do-
mains like those observed in 1 (Figure S10). Therefore, the
metallophilic stacked synthon drives in 2 the formation of the
aggregates. The shorter Pt-Pt distances (3.3585(6), 3.3256(6)
and 3.3030(6) A) in this compound are consistent with the
MMLCT transitions, resulting, upon light excitation, in the
characteristic yellow emission of the aggregates formed by the
compound 2.

Self-Assembly of Compound 2

Compound 2 has shown to have a strong tendency to form
aggregates in solution. NMR studies have revealed an
important enthalpy of self-aggregation of AH,,=
—31.3 KIJmol " in 1,4-dioxane (details are given in ST).""I Tn
order to study how the media controls the self-assembly

Angew. Chem. Int. Ed. 2021, 60, 5407 —5413
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behavior of 2 we have performed depolymerization studies
monitoring the luminescent properties as a function of the
solvent composition with an integrating sphere setup as
already reported for compound 1."”! After the flash injection
of 250 puL of 1 x 10~* M dioxane solution of 2 in 4.750 mL of
water (the resulting concentration is 5x 107> M) the com-
pound associates in aggregates (2A) of hydrodynamic diam-
eter of c.a. 321 nm, Figure S20, (for 1a the dynamic diameter
is 126 nm"?!) and PLQY of 90% with an emission maximum
at 590 nm (Figure S1). Then aliquots of molecularly dissolved
2 in pure dioxane (¢ =5x 107> M) were added to change the
solvent composition while keeping the overall concentration
of the complex constant. The resulting depolymerization
curve (Figure2a) shows the formation of a second self-
assembled species (2B) with a ~20 nm blue-shifted emission
(Figure 2b) and a PLQY close to 20 % at water content above
65 % . Further decrease of the water ratio results in a complete
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dissolution of the structures and a drop of the PLQY <1 %.
Kinetic experiments carried out at 65:35 water:dioxane ratio
by confocal fluorescence microscopy have shown that a time
zero no large aggregates are observed since addition of the
dioxane caused the evolution of the yellow-orange aggregates
in the fibers that are visible after 30 minutes. The emission
properties of the yellow-green fibers (assembly 2B) has an
energy and features that corresponds to the final assemblies
that can grow over time, see Figure 2e and Supplementary
Movie 1. The broadness and energy of the emission spectrum
of the fibers indicates the existence of Pt-Pt metallophilic
interactions, which we expect less pronounced than at higher
water concentration because of the blue shift of the emission
maxima from 590 nm to 570 nm upon change in the solvent
composition. SEM images show that assembly 2B have
ribbon-like morphology with sharp shape and width of 1.0-
2.0 um (Figure S18).
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Figure 2. a) Depolymerization profile of compound 2 (c=5x10"° M) showing the PLQY and emission maximum, as a function of the ratio
water:dioxane in the system. b) Spectra profile of the depolymerization experiment for 2, from the starting orange emissive aggregates at high
water content (red line spectra) to a second class of yellow-emissive structures (yellow line) below 70% water content, to the molecularly
dissolved state when the water content is below 50% (blue line), A,,=313 nm. c) Depolymerization profile of compound 1 (c=1x10"* M)

showing the PLQY and emission maximum, as a function of the % of water in the system. d) Spectra profile of the depolymerization experiment
for 1, the starting orange-emissive aggregates at high water content (red line spectra) to a the blue-emitting nanoribbons (blue line) below 70%
water content to the molecularly dissolved state when the water content is below 30%, A, =313 nm. Spectra profile of the depolymerization
experiment for 1 adapted, with permission of Springer Nature, from ref. [12]. e) Snapshots taken from Supplementary Movie 1 showing the time-
dependent evolution of the yellow assemblies (2B) by confocal microscopy at 65% water content (A, =405 nm) (more information is provided in
the SI).

Angew. Chem. Int. Ed. 2021, 6o, 5407—5413  © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

Angewandte

intemationaldition’y, Chemie

5409


http://www.angewandte.org

GDCh
~—

5410

This behavior of 2 differs from that previously observed in
compound 1, in which the self-assembly pathway consists of
two kinetically trapped species: micellar orange emitting
aggregates (1A) and yellow emitting fibers (1B), which are in
equilibria with the dissolved form of the compound. These
aggregates finally evolve to the thermodynamically stable
blue emitting ribbons (1C) as shown by its depolymerization
profile (Figure 2¢,d). In contrast, in 2 the yellow fibers 2B are
not a kinetically trapped state but the thermodynamically
stable form. Consequently, once those fibers are formed, they
do not evolve into different aggregates. Making a parallel
analysis of these two landscapes we propose that the B forms
of both 1 and 2 are structurally similar, but in the case of 1 the
competition with other supramolecular interactions in the
self-assembly process, that is, hydrogen-bonding, drives to the
formation of 1C aggregates while for 2 the stability of the final
assembly is dominated by the Pt-Pt interactions. This
hypothesis is supported by the previously discussed
single-crystal X-ray diffraction structures of 1C blue and 2B
yellow.

Co-Assembly

Since the thermodynamically favored supramolecular
assemblies of 1 and 2 can be easily distinguished in terms of
emission colors, we investigated the possibility to obtain co-
assemblies of these complexes. In particular, we hypothesized
that such a goal can be reached by a fine tuning of the solvent
composition. As it can be observed from the depolymeriza-
tion curves (Figure 2a,c) the dissolution of the blue fibers
(assembly 1C) requires a higher amount of 1,4-dioxane
compared to the one required to dissolve the yellow fibers
2B. We expected that between 50 and 65 % water content the
nucleation of complex 2 would be rather inhibited allowing
1C to act as seed. Therefore, a sample containing 1A (C, =5 x
103 M) in 60% water was allowed to evolve towards the
formation of the supramolecular blue aggregates 1C and then
(after 6 hours) mixed (1:1) with a freshly prepared solution
containing 2A at the same concentration and solvent compo-
sition. The mixture was set in a closed quartz Petri dish and
observed in real time by confocal microscopy (Figure 3a,
Supplementary Movie 2).

Interestingly a lag time of around 30 minutes has been
observed after which the blue fibers start to be covered by
a yellow emitting layer of 2B. After 160 min, almost
a complete wrapping of the fibers was observed. Surprisingly
once they are fully coated no further growth is observed.

If complex 2 is not added to the solution, no change in the
blue fibers is observed even after several days, indicating that
the yellow emission is indeed originated by the self-assembly
of complex 2 on the surface of the nanoribbons 1C. SEM
images of the coated fibers (Figure S19) show a change in the
structure, particularly noticeable in the tips, in comparison
with the pristine nanoribbons of 1C."”! Due to the easier
dissolution of 2B respect to 1C, as revealed by the depolyme-
rization curves (Figure 2a,c), we expect to be able to remove
the self-assembled coating restoring assembly 1C by changing
the solvent composition. Thus, the dioxane content on the

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH
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system was increased slowly by diffusing dioxane vapors
inside a quartz petri dish while monitoring the system by
confocal microscopy (supplementary Movie 3 and Figure 3b).
Indeed, the dissolution of the 2B structures reveals the
presence of a blue-emitting ribbon structure underneath
which has templated the wrapping of 2 and upon dissolution
the assembled 1C structure maintain the initial shape, size and
emission color.

Since in our experimental condition complex 2 in 60 %
water is already aggregated in 2A, we do not know if the
interaction between the blue fibers of 1 and complex 2 is
leading to the dissolution of 2A, in monomeric units, or the
assembly itself can aggregate on top of 1. As revealed by the
depolymerization profile (Figure 2a), when the water content
is 50% or less, 2 exists as molecularly dissolved species.
Therefore to clarify the behavior described above we studied
the interactions of 1C (Figure 2¢)? and 2 in the molecularly
dissolved form. Similarly to what is stated above, a change in
the color of the fibers without a noticeable change in shape or
size was observed. The 1C structures were molecularly coated
and a yellow emission is observed due to the assembly of 2
(Supplementary Movie 4 and Figure S13). Further de-coating
test shows the process is equally reversible (Figure S14).

This wrapping phenomenon has been observed only in the
range of water content between 50 and 60 %. Already at 65 %
water content formation of 2B homo-fibers is observed along
with the co-assembly process (Figure S15). At higher water
content the self-sorted assembly is favored and only homo-
fibers are observed while the coating does not occur. There-
fore, the only experimental condition to allow the co-
assembly is a narrow choice of the ratio between water and
dioxane. In any other solvent composition, either the common
self-sorting occurs or the supramolecular structures are
soluble and the hetero-assembly is not a competitive path in
solution. The fact that the coating pathway opens when the
non-aqueous character of the media increases might be an
indicative of the mode of association of compound 2 to
defects originated on the surface of compound 1 fibers. This
increase in the polarity may disturb the packing in the surface,
letting m-stacking sites exposed at the surface to which
compound 2 could attach seeding the formation of the coating
layer.

To investigate this hypothesis we use molecular simula-
tions based on coarse-grained (CG) models® = of monomers
1 and 2 with the MARTINI force-field®” (Figure 4a). In
Figures 4b and 4 c, we report the self-assembled structures for
the 1 and 2 cases obtained after 2.5 us of CG-MD at 60 %
water content. Consistently with the experimental evidence,
we observe the formation of fibrillar aggregates in both
systems, and presence of core-core stacking between the
monomers. Such monomer stacks interact further via hydro-
phobic interactions, forming larger elongated assemblies. We
note that system 1 forms one single supramolecular fiber that
percolates through the boundaries of the periodic simulation
box, while the assembly of 2 appears as less directional and
ordered. To assess the uniformity of the assembled fiber of 1,
we calculated the interaction energy of the individual mono-
mers with the rest of the fiber (AE,(i)) and determined how
strongly, or weakly, each monomer is incorporated into the

Angew. Chem. Int. Ed. 2021, 60, 5407 —5413
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Figure 3. a) Top: Confocal microscopy time-progression of the evolution of the wrapping by compound 2 on the preformed fibers of compound

1 at 60% water content (Snapshots taken from Supplementary Movie 2). Bottom: Emission spectra (recorded under the microscope) in different
parts of the fiber (arrows indicate the point of acquisition) corresponding to the times shown in the top pictures (A, =405 nm). b) Snapshots
taken from Supplementary Movie 3 showing the confocal microscopy time-progression of the disassembly of 2 from fibers 1C (A, =405 nm).

c) Schematic representation of: (top) the coating process by 2 on fibers 1C as depicted in panels a), (medium) the scenario after the coating
process and (bottom) the representation after the de-coating experiment promoted by the change in solvent composition (panels b).

assembly compared to the average monomer interaction
energy (<AE;>). AE(i)/ <AE,> values smaller/greater
than 1 identify monomers that are more weakly/strongly
incorporated in fiber 1. We also calculated the Solvent
Accessible Surface Area (SASA) of each monomer in the
assembly (SASA,(i)), which determines its degree of exposi-
tion to the solvent and compared to the average in the fiber
1 (as SASA, (i) <SASA, >). Plotting these parameters we
identify defects in fiber 1, as those monomers which are more
exposed to the solvent and weaker incorporated in the
assembly than the average (Figure4d, red dots). These
defects are key for the dynamics and monomer exchange in
these fibers.’”! Such defects represent possible spots from
which monomers 2 can enter fiber 1, and thus pathways for 1-
2 copolymerization and interactions.*>%!

To explore the co-assembly of 2 onto a pre-formed fiber of
1 monomers, we then simulated a self-assembled fiber
1 immersed in a solution (water:1,4-dioxane =60 %:40%)
containing dissolved 2 monomers. We performed CG-MD

Angew. Chem. Int. Ed. 2021, 60, 5407 —5413

© 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

simulations where fiber 1 (composed of 400 assembled
1 monomers) is surrounded by a different number of 2
monomers (i.e., 50, 100 and 200). The results of these
simulations in Figure 4e demonstrate that the 2 monomers
tend to form small aggregates, or stacks (in yellow), which
bind and nucleate onto the defects present on the surface of
fiber 1 (in red). The plot in Figure 4 e shows that, in presence
of 2 monomers, the 1 monomers in the assembly reduce
significantly their SASA and simultaneously increase their
interaction with the rest of the fiber 1. This is due to the
binding of 2 with the most exposed monomers of fiber 1 (red
monomers Figure 4d), the effect becomes more and more
relevant as the number of 2 monomers in the system
increased. This provides a molecular-level picture in agree-
ment with the coating phenomenon detected by experiments.
These results also support the crucial role of structural defects
in regulating the co-assembly, consistently with what recently
evidenced in the study of other supramolecular systems.*>’]

www.angewandte.org
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Figure 4. a) Molecular models of monomers 1 and 2: all-atom (solid stick) and CG (superimposed transparent spheres) monomer models.

b) Snapshots of the self-assembly of T monomers (in blue) into fiber 1 (solvent not shown for clarity) after 2.5 us of CG-MD. The inset shows the
initial configuration with dispersed monomers. c) Same as panel b, for the self-assembly of 2 monomers (in yellow). d) Identification of defects in
fiber 1: plot of the interaction energy AE, (i) of the individual T monomers with all the other monomers in fiber 1 as a function of their SASA (and

(SASA,) are the average values over all monomers, indicated by dashed black lines in the plot). Defects are displayed as red points.

e) Copolymerization with 2 proceeds through defects: plot of the AE,(j) and SASA of the individual T monomers for increasing amounts of 2
monomers in the system. Different colors correspond to a different amount of 2 monomers in solution. The dashed lines indicate the average
values for each series of data (1 monomers become less and less exposed to the solvent and more strongly interacting with the rest of fiber

1 when surrounded by 2 monomers). The co-assembly data are extracted after 2.5 us of CG-MD. The snapshot shows the co-assembly of 200 2
monomers (yellow) with fiber 1 (grey, defects highlighted in red) after 2.5 us of CG-MD.

Conclusion

Altogether, the X-ray determined structures have pro-
vided insights into the self-assembly motifs of this kind of
platinum complexes revealing the structural factors driving
the self-recognition pathways revalorizing the important
effects of the modification of distant ancillary groups. In
particular, we presented, in real time, a supramolecular
coating process of a self-assembled structure by a different
compound. Besides, our experiments show how this process is
reversible and that it involves the direct interaction of the
dissolved species with the supramolecular self-assembled
entities. All the self-assembly and co-assembly processes are
controlled by the composition of the media and the latest
occurs only in a very narrow range when the water amount is
between 50 and 65 % revealing that the environment in which
the self-assembly takes place plays an even more important
role than the chemical design.
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