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Morphology control in metallosupramolecular
assemblies through solvent-induced steric
demandt

Nils Baumer,? Kalathil K. Kartha,® Jasnamol P. Palakkal® and Gustavo Fernandez () *@

Controlling the supramolecular self-assembly of n-conjugated systems into defined morphologies is a

prerequisite for the preparation of functional materials. In recent years, the development of
sophisticated sample preparation protocols and modulation of various experimental conditions (solvent,
concentration, temperature, etc.) have enabled precise control over aggregation pathways of different
types of monomer units. A common method to achieve pathway control consists in the combination
of two miscible solvents in defined proportions — a “poor” and “good” solvent. However, the role of
solvents of opposed polarity in the self-assembly of a given building block still remains an open
question. Herein, we unravel the effect of aggregation-inducing solvent systems of opposed polarity
(agueous vs. non-polar media) on the supramolecular assembly of a new bolaamphiphilic Pt(i1) complex.
A number of experimental methods show a comparable molecular packing in both media driven by a
synergy of solvophobic, aromatic and weak hydrogen-bonding interactions. However, morphological
analysis of the respective aggregates in agueous and non-polar media reveals a restricted aggregate
growth in aqueous media into spherical nanoparticles and a non-restricted 2D-nanosheet formation in
non-polar media. These findings are attributed to a considerably more efficient solvation and, in turn,
increased steric demand of the hydrophilic chains in aqueous media than in nonpolar media, which can
be explained by the entrapment of water molecules in the hydrophilic aggregate shell via hydrogen

bonds. Our findings reveal that the different solvation of peripheral solubilizing groups in solvents of

rsc.li/soft-matter-journal

Introduction

Supramolecular self-assembly has emerged as a powerful
approach to produce functional materials for optoelectronic
devices," biomedical applications,” or the synthesis of adaptive
membranes.’ It is widely established that the subtle interplay
between different intermolecular non-covalent interactions,
i.e. hydrogen bonding and aromatic interactions, plays a key
role in the aggregation of small molecules in solution.* For the
particular case of aqueous solutions, additional hydrophobic
and enthalpic effects must also be considered.” Controlling
these non-covalent interactions during the self-assembly
of small molecules for governing the size and shape of the
nanostructures is an important topic of research.® In recent
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opposed polarity is an efficient method for morphology control in self-assembly.

years, modulation of sample preparation protocols and experi-
mental conditions have been identified as a promising method
for controlling the size, shape and properties of supramolecular
assemblies.”

Accordingly, the key influence of solvent has been recognized
and exploited to drive self-assembly processes in solution.®™°
Pathway control in these systems is typically achieved by
modulating the ratio between “good” and “poor” solvents.''
However, in order to achieve a fundamental understanding of
the influence of solvent, a thorough investigation of the solvent-
induced steric demand on the supramolecular polymerisation
is required. In this context, the group of Wiirthner'? has
reported a heat-induced desolvation of glycol chains as a
driving force for entropically controlled supramolecular poly-
merization of amphiphilic perylene bisimides in water/THF
mixtures. Very recently, Meijer and co-workers'® have reported
a water-assisted self-assembly of a small biphenyl core equipped
with amide moieties and long alkyl chains in apolar media
(MCH). Interestingly, the potential hydrogen bonding interactions
of water dissolved in oils showed a significant influence on the
molecular packing due to co-assembly with the supramolecular

This journal is © The Royal Society of Chemistry 2020
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Pt(PhCN),Cl,
Toluene, 100 °C

Scheme 1 Molecular structure of ligand L1 and complex C1 and cartoon
representation of C1, with the length of the aromatic surface depicted
below.

building blocks resulting in different morphologies and inter-
calation motifs. Several other studies on the influence of solvent
on self-assembly processes were also reported, which are based
on tuneable aromatic interactions,'® equilibrium kinetics® and
morphology.'® However, a direct comparison between the effect
of solvents of opposed polarity on metallosupramolecular poly-
merisation has been overlooked, as typically only one type of
solvent system (either aqueous or non-aqueous) is selected for
aggregation studies.

In this work, we have designed an amphiphilic bispyridyldi-
chlorido Pt(u) complex C1 featuring an azobenzene-based cen-
tral aromatic moiety that is connected via an amide linker to
hydrophilic side groups (Scheme 1).

As previously shown by our group, the combination of
an amide group with a central M(Pd,Pt)Cl, moiety is a highly
self-recognizing intermolecular hydrogen-bonding pattern to
drive supramolecular polymerisation. In addition, our molecular
design features peripheral triethylene glycol (TEG) chains, leading
to a bolaamphiphilic structure. With these structural elements,
we envisage a good solubility in various solvents that include
aqueous as well as non-aqueous non-polar media. Additionally,
this design will enable us to study the influence of solvation on
the self-assembly by investigating C1 in aqueous and non-polar
media separately. We hypothesize that the peripheral TEG side
chains will exhibit a much greater steric demand in aqueous
solution, which can be used to achieve self-assembly and
morphology control.

16-18

Results and discussion
Investigations on the coordination isomerism of C1

Based on our experience with an analogous hydrophobic Pt(u)
complex bearing an azobenzene moiety,'® we initially probed
the coordination isomerism of C1. To this end, we prepared five
separate solutions of C1 in solvents of different polarity (Fig. 1)
and analysed them by NMR spectroscopy. The samples were
monitored at ambient conditions immediately after dissolving
the compound as pure ¢rans isomer in the respective solvent

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Solvent-dependent *H NMR of C1 (c = 1 x 10~ M) after keeping all
samples at ambient conditions for one week. Dashed lines indicate the
changes in the chemical shift of the different signals.

until equilibration between the two possible species (cis and
trans) was reached (after one week; Fig. S5, ESIf). To our
satisfaction, only the trans-isomer could be observed in all
moderately polar solvents (TCE-d,, CDClz, DCM-d, and THF-dg),
irrespective of the differences in polarity. However, due to the
ability of DMSO to act as competing ligand, both the cis-isomer as
well as the free pyridyl ligand could be observed after one week.
This behaviour was amplified after heating the samples slightly
below the boiling points of the respective solvents for one hour
(Fig. S5, ESIt), which can be due to a plausible decomposition of C1
in DMSO. These results confirm that C1 is not prone to coordina-
tion isomerism under ambient conditions in a variety of solvents.

Self-assembly behaviour of C1 in aqueous and non-polar media

The self-assembly of C1 in solution was initially investigated by
UV/vis absorption spectroscopy in different solvents (Fig. S6,
ESIT). Solvents with moderate polarity, such as chloroform,
DCM, THF or more polar methanol appeared as good solvents
where C1 exists in a monomeric state. As expected, the absor-
bance in water is significantly decreased suggesting a self-
assembly process, possibly due to hydrophobic and aromatic
interactions of the central aromatic moiety of C1. On the other
hand, C1 was only partially soluble in pure nonpolar media
(such as pentane or MCH), which may be due to the presence of
polar TEG chains. However, we identified that a solvent mixture
such as chloroform/MCH can be a good choice to investigate
the self-assembly behaviour of C1. As mentioned previously,
glycol chains might have a different steric demand depending
on whether a non-polar solvent or water is used. For the latter
case, the hydration shell resulting from the intercalation of
water molecules in the TEG region via hydrogen bonding is
expected to increase the steric demand of the polar chains
compared to non-polar media. Considering this point, we
compared the self-assembly of C1 in THF/water and chloro-
form/MCH mixtures in detail. Consequently, we followed an
established method for stepwise disassembly of a supra-
molecular polymer through addition of a monomeric solution
in a good solvent.">'® First, aggregates of C1 were prepared
by dissolving in a mixture of good/poor solvent with a high
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Fig. 2 Solvent-dependent UV/vis changes of C1(c =1 x 10> M; [ = 1cm)
at 298 K in chloroform/MCH 15: 85 (a) and THF/water 6:94 (b) mixtures
with the corresponding denaturation curves depicted below (c and d). The
red plots represent a sigmoidal fit of the experimental data points added as
a visual guide. The insets of (a) and (b) show photographs of the initial
solution prior to the addition of good solvent under light irradiation to
amplify the opaque nature of the solution in chloroform/MCH (15 : 85).

content of the respective poor solvent (85% MCH/15% CHCly;
and 94% water/6% THF; c =1 x 10> M, Fig. 2). Both solutions
were kept at ambient conditions for 12 h to reach equilibrium.
For both systems, no hints of kinetic/metastable species
have been observed (Fig. S7, ESIT). The aggregate solution in
chloroform/MCH was slightly opaque, indicating the formation
of a poorly solvated aggregated species. In contrast, the aggre-
gated solution obtained from THF/water was completely clear
indicating sufficiently solvated aggregated species. This can be
explained by the polarity mismatch between the solvent system
and the peripheral TEG chains. Subsequently, the disassembly
of the aggregates in 85% MCH/15% CHCI; and 94% water/6%
THF was monitored by gradual addition of the respective
monomer species in CHCl; and THF, respectively. Upon addi-
tion of the respective monomer solution, the UV/vis spectra
showed a significant hyperchromism indicating the disassem-
bly of the respective aggregates. In both cases, the increase in
absorbance at the maximum (403 nm for chloroform/MCH
mixture and 400 nm for THF/water mixture) is accompanied
by a decrease in the broad absorption above 500 nm leading to
an isosbestic point at 458 and 523 nm, respectively. The degree
of aggregation (0ag) vs. solvent fraction derived from the UV/vis
changes could be fitted to a sigmoidal function (Fig. 2c and d).
Despite these similarities, an appreciable difference between
aqueous and non-polar media was also observed, namely the
range of the volume fraction in which the disassembly occurs.
In chloroform/MCH, the disassembly starts at 18% of chloro-
form and is complete at chloroform volume fractions of 26%,
whereas this process in THF/water mixtures spans from 5% to
32% of THF. These findings suggest an increased impact of
solvation of the TEG chains in THF/water mixtures, which is an
expected phenomenon based on the molecular design.
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After these preliminary self-assembly studies, we focused on
the possible photoisomerization of C1 aggregates. Based on our
previous report, we hypothesise a MLCT energy transfer after
photoexcitation, which could in turn lead to a nonradiative
decay of the excited states.”® To confirm this, we prepared an
aggregated solution of C1 in THF/water (5:95) and irradiated
the self-assembled structures using a LED (4 = 365 nm).
Subsequent UV-vis measurement showed negligible changes
(Fig. S8, ESIT), which can be attributed to a local heating
associated with light irradiation. This observation suggests
the dormant nature of the assemblies to light irradiation, similar
to a previously reported structurally related compound.®

Unravelling the supramolecular packing of C1 in non-polar media

To elucidate the packing mode of the supramolecular assem-
blies of C1 prepared in CHCI;/MCH and THF/H,O, we
employed 1D and 2D NMR techniques as well as X-ray diffrac-
tion (XRD). First, we investigated the variable temperature (VT)
NMR spectral changes in chloroform at high concentration
(c=1 x 107> M, Fig. 3a). Upon cooling the solution from 353 K
to 283 K, remarkable changes were observed. Particularly, the
amide proton (He, red) shifted from 8.71 to 9.18 ppm. Such a
downfield shift can be ascribed to the close proximity of N-H to
an electron rich atom, i.e. Cl or 0.>' Further, a notable upfield
shift from 8.95 to 8.88 ppm can be observed for the signal
corresponding to the alpha (o) proton of the pyridine moiety
(Ha, highlighted in blue in Fig. 3a), indicating aromatic
interactions.” Without any surprise, the protons corres-
ponding to the cis-isomer also appeared during the heating
process (an identical colour code was used for clarity). Subse-
quently, the isomerization reached an equilibrium with a ratio
of 1:4 between the cis- and trans-isomer at 353 K. The signals
corresponding to the cis-isomer showed an identical behaviour
when compared to the t¢rans-isomer, indicating an identical
arrangement possibly due to an end-capping of the cis-isomer
to the active ends of the trans-stack.'® To avoid a possible
interference of the cis-isomer in disturbing the packing mode,
only ambient conditions were used for further investigations.
Accordingly, we employed 2D-"H{'H} Correlated Spectroscopy
(COSY) and Rotating-frame Overhauser Effect Spectroscopy
(ROESY) studies of C1 at 298 K (Fig. 3b). Comparison of these
two spectra allowed us to identify characteristic correlation
signals corresponding to a slipped stack (Fig. 3c).'®'”** Corre-
lation signals between both protons of the middle phenyl ring
(Heq) and the pyridine ring of an adjacent molecule (H,p)
could be observed (cross signals highlighted in blue and green,
Fig. 3b), which confirmed the slipped stack of C1. Further, a
cross signal between the amide proton (H.) and the signal
corresponding to the H, of the pyridine ring (H,) was noticed
(orange), which further supported the slipped packing. These
cross signals are also in line with the VT '"H NMR results,
suggesting the proximity of an electron rich group next to the
amide proton. Overall, these 1D and 2D NMR experiments
confirm the N-H-: - -Cl interactions, which is the driving force
for the self-assembly of C1 in non-polar solvents. Besides, a
close contact between the H, and the proton of the peripheral

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Variable temperature *H NMR study of C1in CDCls (c = 1 x 1072
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measurement. The colour code of the different proton signals is depicted on the right. (b) Overlay of 2D-COSY and ROESY spectra of C1 at 298 K in
CDCls (c = 5 x 1072 M). Coloured boxes indicate the signals stemming from intermolecular interactions between adjacent protons in the supramolecular
stack. For clarity reasons, only the most relevant cross signals between aromatic protons and the glycol chains are marked. These intermolecular
interactions are presented below with an identical colour code. (c) Cartoon representation of the molecular packing stabilized by aromatic and N-H- - -Cl

interactions.

trialkoxyphenyl ring (Hg) observed in the 2D ROESY spectra
(red) further supports this conclusion. Moreover, a significant
number of intermolecular interactions between the peripheral
glycol chains and the aromatic core can also be observed in the
2D NMR spectrum. For reasons of clarity and visibility only two
of them have been highlighted (black) and will be discussed,
as they are most relevant to unravel the slipped packing.
Intermolecular correlation signals can be observed between
the aromatic protons of the pyridine ring (H,) and the first
methylene unit of the glycol chains. To summarize, based on
the results extracted from VT and 2D NMR, a cartoon repre-
sentation of the proposed supramolecular assembly pattern is
presented in Fig. 3c. This molecular packing is in perfect
agreement with that exhibited by structurally related Pt(u)
complexes reported by us recently. Such an intermolecular
hydrogen bonding pattern throughout the stack can provide
the overall stability of the self-assembled structure.'”**

Unravelling the supramolecular packing of C1 in aqueous media

The UV/vis disassembly studies showed minor differences in
spectral changes for the assemblies in CHCl;/MCH and THF/H,0,
which might be due to similarities in the molecular level inter-
actions of C1 in solution. To address this issue, we first
recorded solvent-dependent "H NMR. For these experiments,
we gradually increased the D,O content in a THF-dg solution of
C1 (c=1 x 10 M, Fig. 4a) from 0 to 90%. Upon first addition
of D,O (10%), the signal corresponding to the amide proton
(He) disappeared, which might be due to the rapid proton
exchange with the deuterated solvent.>® Additionally, a splitting

This journal is © The Royal Society of Chemistry 2020

of the two proton signals corresponding to the middle phenyl
ring (He, Hqg), which were completely overlapping in pure
THF-dg, is observable. Upon increasing the D,O content to
50%, noticeable spectral changes were observed, for instance
slight broadening and minor upfield shift of all aromatic
protons. Further, a significant broadening along with a marked
upfield shift were observed when the D,O content is further
increased to 90%, indicating that the self-assembly is mainly
driven by aromatic and hydrophobic interactions. To gain more
detailed information on the packing of C1 in THF/H,O, we
investigated thin films of the supramolecular aggregates
by XRD at ambient conditions (Fig. 4b). As an increase in
temperature can cause precipitation due to the dehydration
of the solvated TEG chains, samples were prepared at ambient
conditions.”” While these conditions may vary from the beha-
viour in solution, we envisage that the basic orientation
observed in solution is transferred to the packing in thin film.
A thin film suitable for XRD studies could be obtained after a
stepwise drop casting and subsequent solvent evaporation. The
distance derived from the diffraction at 4.09 A is important,
as it can be attributed to the d spacing between the Pt(u)
moieties.?® The distance between the aromatic planes appears
as 3.93 A, common for many n-systems. Further, we tentatively
attribute the reflection corresponding to a distance of 4.55 A
to the spacing between the glycol chains of neighbouring
molecules in between layers, which is in good agreement
with the crystal structure of previously reported analogues."®
The observation of repeating distances within the third dimen-
sion is limited to XRD investigations, as the sample preparation

Soft Matter, 2020, 16, 6834-6840 | 6837
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Fig. 4 (a) Solvent-dependent *H NMR spectra of C1 at 298 K (c = 1 x 10~> M) from 100% THF-dg (top) to 10% THF-dg and 90% D,O (bottom) in 10%
steps with a scheme clarifying the colour code depicted on the side. (b) XRD-diffraction pattern (A = 1.5406 A) of a thin film of the aggregate of C1
obtained from drop casting a 1 x 10> M solution (THF : water 9: 1) between 2 and 50° with an inset of the region between 4.5 and 30° The sharp reflexes
are allocated to originate from the d-spacing between Pt atoms. (c) Cartoon representation of the 3D packing model derived from combining the results
of the 'H NMR and XRD experiments with the most important intermolecular distances highlighted. The 2D layers depicted on the right are capable of
stacking indefinitely during the sample preparation (drying), which enables analysis with XRD. Only two are shown for clarity.

leads to higher concentrations than those obtained during
measurements in solution. Hence, the results concerning the
3D assembly in thin film by XRD are not representative for the
solution behaviour, as analysed by spectroscopy measurements.
Interestingly, a reflex at 6.51 A can also be observed, which can be
ascribed to the diagonal distance between molecules within a 2D
layer. The cartoon representation shown in Fig. 4c displays a
plausible proposed packing motif in all three dimensions derived
from the experimental data. Comparing these results with the
supramolecular packing motif derived from spectroscopic studies
in non-aqueous solutions leads us to conclude that in both cases
C1 may be oriented in the same fashion. We assume that the
overall supramolecular assembly process is driven by aromatic as
well as N-H:---Cl and C-H:--Cl interactions. These structures
can then grow in the other two dimensions, possibly by inter-
molecular Pt---Cl interactions between neighbouring stacks®*?”
and in the solid state (thin film) a growth in the third dimension
is possible due to the stacking of the 2D-plates.

Investigation of the nanoscale morphology

After elucidating the solvent-dependent self-assembly behaviour
of C1, we questioned whether the steric demand caused by the
solvation of the TEG chains in the different media could have a
strong influence on the nanostructure formation. We envisage
that the solvation of TEG with water can create a higher steric
demand when compared to the solvation with chloroform and/or

6838 | Soft Matter, 2020, 16, 6834-6840

MCH. Accordingly, we speculate that the formation of extended
supramolecular aggregates should be hindered in aqueous media
leading to size-restricted morphologies. Conversely, the supra-
molecular assembly can lead to larger aggregates in non-aqueous
solutions. To probe such influence of solvent on the metallo-
supramolecular assembly of C1, we characterised these aggregates
with atomic force microscopy (AFM). All samples were prepared
under identical conditions as for the previous UV/vis spectro-
scopic studies. After confirming the aggregate formation in
solution by UV/vis, a definite volume is drop casted (¢ = 1 x
107> M, V =20 uL) onto the respective AFM substrates (Mica) and
dried at ambient conditions (see ESIT for details). As expected, the
aggregate morphologies of C1 prepared with different solvent
combination (THF/water (5:95) and chloroform/MCH (15 : 85))
differ in size and shape (Fig. 5). In non-aqueous solutions, the
aggregates tend to orient in two dimensions, leading to 2D-sheet
formation (d = 150 nm for the specific sheet shown in Fig. 5) with
a uniform height of 2.5 nm. Considering that this experimental
height is smaller than the molecular length of the aromatic
scaffold of C1 (3.5 nm),'® the slipped stacks need to be necessarily
tilted with respect to the mica surface, as depicted in Fig. 3c.
On the other hand, the assemblies obtained in aqueous solution
exhibit a spherical morphology, with diameters between 30 and
50 nm and heights between 1.5 and 2.5 nm, as shown in Fig. 5.
This height again confirms the formation of a small aggregate
consisting of one layer of molecules, in contrast to the multi-layered

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 AFM height images of aggregates of C1 formed in chloroform/
MCH (15:85, a, c) and THF/water (5:95, b, d) with a scan size of 4 uM
(a), 1 uM (b) and 500 nm (c and d) respectively. Inset: Height profile across
the surfaces highlighted with a white line.

structure observed by XRD. The minor discrepancy in height
can be rationalized by increased interactions between the
solvated TEG chains and the polar mica surface compared to
non-polar media. From the optical analysis, the spheres appear
to be restricted in size as the largest one we could observe was
only 50 nm in diameter. This observation can be rationalized by
the steric demand of the solvated TEG chains in aqueous media
(Fig. 6). Due to presence of such sterically demanding chains
in solution, a potential growth of the initially formed small
particles can be limited. This is in accordance with the
relatively large intermolecular distances (close to 4 A) obtained
by XRD, which are associated with n-r stacking distances. Such a
size restriction induced by the steric demand can detrimentally
affect the polydispersity. On the other hand, an unrestricted

aqueous solvation

—

non-aqueoussolvation

View Article Online
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growth can be anticipated for C1 in MCH/CHCl;, which is evident
from the 2D sheet formation. Based on this experimental evidence,
we conclude that the steric demand of the peripheral glycol chains
in solution can be controlled by changing the solvent conditions.
Such a steric demand can lead to different morphologies at the
nanoscale, which can also be observed with the naked eye (opaque
solution in non-aqueous solvents), while preserving the molecular
level packing in the supramolecular polymer.

Conclusions

In conclusion, we have reported the impact of solvents of opposed
polarity (aqueous vs. non-polar solutions) on the self-assembly
of a new linear bolaamphiphilic Pt(n) complex C1. A detailed
comparison of the solvent-dependent self-assembly behaviour was
achieved by spectroscopic UV/vis studies, 1D and 2D "H NMR
experiments as well as XRD. According to these investigations,
the self-assembled structures in both aqueous and non-polar
media are stabilized, besides solvophobic interactions in the
respective media, through aromatic and multiple intermole-
cular hydrogen bonding interactions, such as C-H---Cl and
N-H(amide)- - -Cl. Although a similar slipped packing mode is
observed in both media, the resulting nanoscale morpho-
logies differ, as shown by AFM. Whereas in aqueous media,
spheres with a narrow size distribution are visualized, discrete
2D sheets are formed in non-polar solvents. We attribute this
behaviour to the different steric demand of the solubilizing
chains in either solvent mixture. Water molecules can
intercalate in the glycol chains through hydrogen bonding
interactions leading to a higher steric demand and, in turn, to
a restricted growth into spherical particles. In the absence
of water, i.e. in non-polar solvents, the glycol chains exert a
much lower steric demand and thus promote a growth in
two dimensions. The results presented herein shed light on the
complex structure-property-relationship between solubilizing
chains and supramolecular morphology in metallosupramolecular
polymers, which should contribute to the preparation of func-
tional supramolecular materials.

restricted growth )
stack with

hydrated shell

steric demand

_ § 2D-plate
unrestricted growth -

Fig. 6 Schematic representation of the self-assembly behaviour of C1 in aqueous (top) and non-aqueous (bottom) media leading to either spherical
particles or 2D-plates respectively based on the steric demand of the solvated chains.
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