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Recently it was found that at ambient temperatures and in specific ternary solvents a cationic macrocyclic
tetraimidazolium molecular box and small dianionic salts can self-assemble into highly defined, colloid-like
ionic clusters, called ionoids. Here, we present evidence that the solution-based ionic self-assembly
process leading to ionoids is a general phenomenon by characterizing new ionic building blocks which
are capable of generating loosely bound globular and anisotropic structures similar to those in the
established system. Using new cationic and anionic molecules, we show that variations in the size ratio
between cationic and anionic component mainly affect size, shape and durability of the ionic clusters.
Utilizing dynamic light scattering (DLS), continuously monitored phase-analysis light scattering (cmPALS)
and continuous wave electron paramagnetic resonance (CW EPR) spectroscopy, we can thus define
generalized ionic ratios, in which specific combinations of ionic compounds with certain size and charge
densities are able to form these soft yet durable and long-lived ionic clusters. Furthermore, we
characterize the temporal development of our dynamically self-assembled structures in solution from
the level of the individual ionic building blocks to stable clusters with minimum lifetimes of months
through previously established ionoid evolution diagrams (IEDs). The direct comparison of various cluster
systems with respect to their shape, size and charges allows correlations of structural changes of the
individual building blocks with the fate of self-assembled entities inside the crafted IEDs. This work
generalizes the concept of ionoid formation to ions of specific sizes and charge densities, which may
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from non-porous to porous nature.’ The interactions which are
exploited to link these monomeric precursors reach from strong

1 Introduction

(cc)

The structure and dynamics of matter at the nanometer scale
form the basis for both natural processes and technological
applications reaching far beyond the pertinent nanoscale
lengths, so tuning their (sub-)nanometer architecture and (sub-)
microsecond dynamics can be seen as key to tuning macro-
scopic properties on much larger length scales and times as
well." Molecular design approaches have proven to be most
beneficial in the development of next-generation materials with
tailor-made properties.> Assembling various molecular building
units enables the construction of numerous chemical archi-
tectures with discrete (zero-dimensional, 0D) to extended (1D,
2D and 3D) structures, ranging from inorganic to pure organic
components, from disordered to regular arrangements and
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covalent bonds in polymers over dynamic linkages to weak
supramolecular forces e.g. - interactions, halogen bonding
or hydrogen bonding.>*

Over the course of the last three decades, numerous exam-
ples of materials with precisely controlled nano-environments
could be achieved, primarily in the field of porous materials,
in which one of the most fundamental principles of living
systems is mimicked through offering confined spaces for
molecular purposes.”> Furthermore, establishing e.g. metal-
organic frameworks®** (MOFs, also known as porous coordi-
nation polymers'~**), covalent organic frameworks'*>> (COFs)
and hydrogen-bonding organic frameworks> (HOFs) inside
application fields like gas separation and storage, catalysis,
sensing, optoelectronics, electronic devices, proton conduction,
drug delivery and imaging significantly advances the develop-
ment of these tailor-made materials.> At about the same time,
the synthesis and development of entangled molecular
components through mechanical bonds*=* was introduced,
starting the templating of mechanically interlocked molecules
(MIMs).***¢ MIMs encompass besides the two archetypal
examples catenanes and rotaxanes®*?**77*° also molecular
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shuttles and bistable molecular switches***”*'** as well as
framework structures due to the process of molecular weaving.**
Thus, the potential applications of mechanically interlocked
materials include various fields, reaching from e.g. nano-
electromechanical systems**** over artificial molecular
machines®** to drug delivery systems.*

The ‘Texas-sized molecular box’ (1**, Fig. 1), developed by
Sessler and coworkers, acts as MIM and forms pseudorotaxane
structures in combination with bis-carboxylate anions.**®
Going beyond solid-state structures, we discovered that in
solution this compound electrostatically self-assembles in the
presence of small dianionic salts (methanedisulfonate, 2>~ or
Fremy's salt dianion, 3%~ see Fig. 1) into loosely bound, yet
remarkably durable, ion-based colloid-like globular cluster of
several nanometer size,* termed globular ionoids (see ref. 50).
The formation of such size-monodisperse supramolecular
structures due to long-range electrostatic correlations also
required the right interplay of weaker noncovalent interactions
(solvation, hydrogen bonding, van der Waals interactions).**
Therefore, the composition of e.g. the solvent, in our case the
established mixture DMSO : glycerol : water 50 : 43 : 7 (v/v/v),
plays an important role in the ionic self-assembly process.*
Based on our previous studies, we postulate an initial ion cloud
state after mixing cationic and anionic building units, where no
globular structures are yet formed and the system has not
reached its thermodynamic balance. As we have described it
previously (see ref. 50), this ion cloud state persists over an
extremely long incubation time of ten days and is defined by the
existence of large structures (larger than 100 nm). We currently
assume (experiments are ongoing) that the internal ion distri-
bution obeys a Poisson-Boltzmann-type or similar mean-field
interaction pattern, which characterize the phase after sample
preparation. However, due to already carried out Monte Carlo
simulations (see ref. 49), which revealed a surprising long-range
correlation of 1** at about 15 nm, we presume electrostatic and
excluded volume effects as essential for the formation of ionic
clusters. Reliably after the incubation period of ten days, we
detect our globular ionoids that are now able to withstand e.g.
mechanical stress.> As depicted above, the transition from ion
cloud to globular ionoids is not fully understood yet and is out
of the scope in this specific study, which is solely concerned
with formation of ionoid structures built from new chemical
units.

To this end, we here focus on extending the concept of ion-
oid formation by substituting the ‘Texas-sized molecular box’ as
well as the dianionic salts with other polyphilic ionic building
blocks (see Fig. 1) that are capable of forming multiple partially
orthogonal noncovalent interactions (like those mentioned
before). This expands the mainly ionically driven self-assembly
of ionoids with respect to the sizes, topologies and ionic ratios
of the directly involved ionic compounds. We replace the large
cation 1*" with molecular structures that were also used in the
creation of tailor-made materials like 4>*%355 and 5*",°°°° and
the biological oligoamine spermine 6**** and/or substitute the
small dianionic salts 2>~ and 3> with dianions of similar
structure (7°~, 87, 9°7) and with a larger trianionic chromo-
phore (10°7). Based on these modifications we use dynamic
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light scattering (DLS), continuous wave (CW) electron para-
magnetic resonance (EPR) spectroscopy, aided by UV-vis and
fluorescence spectroscopy, to investigate the interplay between
chemical nature, size and ionic ratio for developing dynamically
formed, persistent structures like highly defined, colloid-like
ionic clusters in solution. Additionally, we study the stability
of selected self-assembled, colloid-like structures in solution
through characterizing their zeta potential with continuously
monitored phase-analysis light scattering (cmPALS). On a more
general note, we expand the structural universe of ionoids and
can show that this type of very soft structure formation is not
limited to our initially studied ‘model’ system of 1** and 2>~
but rather seems to constitute a general state and process for
ions that fulfill certain prerequisites in size and charge in
specific solution. Finally, we rationalize our findings by
describing the different ionoid systems in evolution diagrams
(ionoid evolution diagrams’, IEDs). We previously developed
IEDs* to be able to characterize the complex underlying
molecular features, like ionic sizes and ionic ratios, and
describe the long term evolution (over the course of months) of
the loosely bound ionic clusters in solution.

2 Experimental
2.1 Materials

The model system for creating ionoids contains the ‘Texas-sized
molecular box’ (1**), which was synthesized according to ref. 47
and 48 as described in ref. 49 and 50 and the small dianionic
salts methanedisulfonic acid dipotassium salt (2°7, Sigma-
Aldrich, Munich, Germany) with purity = 99% as well as Fre-
my's salt (potassium nitrosodisulfonate, 3>, Sigma-Aldrich) of
technical grade. These chemicals as well as malonic acid diso-
dium salt (7>7, 99%, abcr GmbH, Karlsruhe, Germany), 1,2-
ethanedisulfonic acid disodium salt (8*~, 99%, aber GmbH)
and potassium disulfate (9>, 99%, Sigma-Aldrich) were applied
as received.

The ionic building blocks phthalocyaninedihydrochloride
(4*"), tetrakis(4-aminophenyl)methanetetrahydrochloride (5**),
sperminetetrahydrochloride (6*") and Amaranth (10°7) had to
be modified or purified to be used for our study. These specific
adjustments are summarized in the ESI.{ All tested systems
were measured in the established solvent mixture DMSO : gly-
cerol : water 50 : 43 : 7 (v/v/v), produced with DMSO containing
=0.02% water (Sigma-Aldrich) in a 1:1 (v/v) ratio with 86-
88 wt% glycerol (Acros Organics, Nidderau, Germany).***

2.2 Size ratio

Considering the ten chosen ionic building blocks (see Fig. 1),
there exist countless ways in combining comparatively small
and large cationic and anionic components. In this study, we
highlight a small selection of these possible assemblies.
However, most of the studied compositions consist of rather
large cations and small anions, just like the established model
system 1% : 2>~ (1** : 3%7, respectively). Table 1 summarizes all
tested mixtures categorized based on their underlying size ratio.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Summary of the utilized ionic building blocks to form ionoids based on the model system 1%+ : 22~ (1%* : 32~ respectively).

The exact concentration for each component in its associ-
ated constellation varies depending on the applied methods
and is summarized in Table 2. Calculations of the ionic ratio for
all mixture are based on eqn (1) for the reference system
1**: 227 (1*": 3%, respectively) 1 mM : 3 mM

Zre(1%) ‘
z7¢(2(3"))

C|4xImM| 2 W
2x3mM| 3’

ionic ratio =

where ¢(1*") and ¢(2*>7(3*7)) represent the corresponding
concentrations. Note that we assume a constant charge z* for

Table 1 Summary of all tested mixtures in DMSO : glycerol : water
50 : 43 : 7 (v/v/v), categorized based on the size ratio between cationic
and anionic component

Combine Large cation Small cation

Small anion 1 6" :2>7(3%)

Large anion 6*:10°

This journal is © The Royal Society of Chemistry 2019

the cationic (z* = +4) and anionic (z~ = —2) component.
Furthermore, we utilize eqn (1) also for systems containing
other ionic building blocks with their respective concentration
and charge.

2.3 Methods

2.3.1 Dynamic light scattering (DLS). In general, light
scattering techniques provide a well-established foundation for
the characterization of protein, polymer and colloidal struc-
tures along with nanostructured materials.®*** Dynamic light
scattering (DLS, also known as photon correlation spectroscopy
or quasi-elastic light scattering) is a versatile and useful method
to determine size, size distributions and in some cases the
shape of nanoparticles.®® Actually, we determine the hydrody-
namic radius Ry, which is the radius of the hypothetical hard
sphere that diffuses with the same speed as the particles
studied with DLS.®

We used a Litesizer 500 (Anton Paar GmbH, Graz, Austria) for
recording DLS. This device, which is also capable of measuring
static light scattering, zeta potential, transmittance and refrac-
tive index, irradiates the sample with a 40 mW semiconductor
laser at a typical wavelength of A = 658 nm. An automatic
configuration of the heatable optical bench allows perfected

RSC Adv., 2019, 9, 18627-18640 | 18629
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Table 2 Summary of all tested mixtures in DMSO : glycerol : water
50 : 43 : 7 (v/v/v) with their respective molar ratio and ionic ratio

System Concentration ratio Molar ratio Ionic ratio®
1*:277(3%) 1mM:3 mM 1:3 2/3
172 1 mM: 3 mM 1:3 2/3
1. 8> 1 mM : 3 mM 1:3 2/3
1* . 9% 1mM: 3 mM 1:3 2/3
1*: 103 10 M : 30 UM 1:3 4/9
4% :227(3%) 13.3 uM : 20 uM 2:3 2/3
5% :227(3%) 1mM : 3 mM 1:3 2/3
6" :227(3%) 1.6 mM : 1.2 mM 4:3 8/3
6 :10°" 10 pM : 30 UM 1:3 4/9

a

Calculating ionic ratio using eqn (1).

count rate traces. The choice between three different detection
angles back (175°), side (90°) and forward (15°) scattering allows
measuring a broader range of samples and getting information
on the potential geometrical anisotropy.®” Here, we studied our
samples, which were filled into quartz cells (Hellma Analytics,
Miillheim, Germany), utilizing back as well as side scattering at
a fixed temperature of 20 °C.

Sample preparation was identical for all tested mixtures of
Table 2. Before dissolving the compounds (see Fig. 1) in
DMSO : glycerol : water 50:43:7 (v/v/v), we filtered the
solvent using Millex filter units (hydrophilic LCR (PTFE)-
membranes) with a pore-size of 450 nm. A second filtration
step (with the same filter-type) was used to transfer the final
solution into the measurement cell without any contamina-
tion such as dust.®> We measured all samples in regular,
frequent intervals up to 43 days to get insight into their long-
term stability. The resulting autocorrelation functions were
analyzed using the ALV-5000/E/EPP (v. 3.0.1.13, ALV-Laser-
Vertriebsgesellschaft m. b. H. Langen, Germany) software.
Further information about the calculation of the hydrody-
namic radius are given in the ESI.{

2.3.2 Continuously monitored phase-analysis light scat-
tering (cmPALS). Continuously monitored phase-analysis light
scattering (cmPALS) is based on the method of electrophoretic
light scattering (ELS) and allows evaluating the zeta potential
for sensitive samples like e.g. highly conductive protein solu-
tions.®** The zeta potential, also known as electrokinetic
potential,”® describes the potential at the slipping/shear plane
between the Stern layer, which consists of strongly bound ions,
and the outer (diffuse) region with less firmly associated ions of
a colloidal particle moving under an electric field.***® It repre-
sents an important parameter for a number of applications
including characterization of biomedical polymers,” electroki-
netic transport of particles’>”* and the isoelectric point (IEP) of
proteins.” For our self-assembled ionic cluster we use the zeta
potential as indicator for colloidal stability,”®”” which is already
established in drug delivery research. There, nanoparticle
dispersions are classified as highly unstable, relatively stable,
moderately stable and highly stable based on the zeta potential
values +0-10 mV, +10-20 mV, +20-30 mV and above
+30 mVv.**7®
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The cmPALS measurements were again performed with the
Litesizer 500 in combination with the respective Kalliope soft-
ware (v. 2.6). As measurement cell we used the so-called Univ-
ette (Anton Paar GmbH), which allows zeta potential
measurement with organic solvents as well as reduced sample
volume (70 pl) compared to the standard Omega cuvette.” The
sample preparation itself was carried out after the described
routine in the DLS section. Each probe was analyzed after the
incubation period of ten days with an applied voltage of 40 V
and a constant temperature of 20 °C. A complete data set
consists of three repetitive measurements with a waiting period
of 1 min between each measurement to prevent changes inside
the sample due to the influence of Joule heating, a common side
effect of this technique. The recorded electrophoretic mobilities
te, Which are the actual accessible parameter in ELS, were
averaged and subsequently transferred into the desired zeta
potentials. To examine the survival of the self-assembled
structures inside the samples, we again performed DLS and
compare the autocorrelation functions as well as size distribu-
tions before and after the cmPALS measurements. The
description for the calculation of the zeta potential as well as the
determination of the relative permittivity e, for the solvent
mixture DMSO : glycerol : water 50 : 43 : 7 (v/v/v) can be found
in the ESL¥

2.3.3 Continuous wave electron paramagnetic resonance
(CW EPR) spectroscopy. We used continuous wave (CW) elec-
tron paramagnetic resonance (EPR) spectroscopy to explore the
local structure in our self-assembled systems from the
perspective of an observer electron spin® This allows a nano-
scopic, local view and is complementary to the model-derived
ensemble properties (such as hydrodynamic radius) we gained
from DLS. In our case, the observer spins are localized on
compound 37, the dianion of Fremy's salt, which can replace
methanedisulfonate (2°7). This circumstance limited the
application of CW EPR spectroscopy to systems, which inherit
the compound 2>~ in the first place (see Table 1).

EPR techniques in general are highly sensitive as well as
selective and can operate on structurally disordered mate-
rials.*>*> We focus on the change in the rotational motion, as
quantified by either the rotational rates or correlation times <,
the anisotropies of rotational rates and the spectral line shape
to identify tendencies for ionic clusters. Spectral simulations
were performed in Matlab (R2016a, v. 9.0) exploiting the Easy-
Spin package (v. 5.2.11).** The ESI} contains descriptions about
the general simulation approach and sets of simulation
parameters.

CW EPR measurements were performed at X-band (9.4 GHz)
microwave frequencies with a Miniscope MS400 (magnettech,
Berlin, Germany) benchtop spectrometer. For recording the
spectra we used a microwave power of 1 mW, a sweep width of
100 G and a modulation amplitude of 600 mG, while keeping
the sample temperature at 20 °C with the temperature
controller HO3 (magnettech). A frequency counter (FC 400,
magnettech) was used to record the microwave frequency. We
additionally measured at higher frequencies/magnetic fields to
improve the spectral (g-)resolution and to obtain a different view
on rotational motion of the radicals. Therefore, we switched to

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Comparison of the intensity time correlation functions at day ten for (a) side and (b) back scattering and development of the hydrody-
namic radius with (c) side and (d) back scattering for the systems 1** : 72~ and 1** : 82~ in DMSO : glycerol : water 50 : 43 : 7 (v/v/v). For the
model system 1** : 22~ same conditions (a) and (b) also show the autocorrelation, while (c) and (d) show a patterned box that highlights the

region of its hydrodynamic radius.

Q-band frequencies (34 GHz) using a Bruker EMX-plus spec-
trometer with an ER5106QT resonator (Bruker Biospin GmbH,
Rheinstetten, Germany). Measuring at the same temperature
compared to X-band, the spectra were recorded with a micro-
wave power of 1 mW, a sweep width of 130 G and a modulation
amplitude of 1000 mG.

Sample preparation was similar for both X-band and Q-band
EPR spectroscopy. About 10 pl to 15 ul of the samples were filled
into small capillaries (Blaubrand, Wertheim, Germany) and cap-
ped with matching tube sealant (Leica Critoseal). All measure-
ments were performed directly after preparation (day 0), since
Fremy's salt in solution does not have a long-term stability at 20 °C.

2.3.4 UV-vis and fluorescence spectroscopy. Besides using
ionic building units, which have an observer electron spin, we
chose other compounds possessing remarkable color properties
like 4>*5354%¢ and 10°~.*%% Therefore, we applied UV-vis and
fluorescence spectroscopy to characterize the formation of self-
assembled structures through changes in their absorption and
emission spectra.

We used the Hewlett-Packard spectrophotometer HP 8453
(Agilent Technologies, Santa Clara, United States) for UV-vis
spectroscopy and the FluoroMax-2 fluorescence spectrometer

This journal is © The Royal Society of Chemistry 2019

(Instruments S. A. GmbH, Grasbrunn, Germany) to measure the
corresponding emission spectra. Here, we did not prepare
samples exclusively for these spectroscopic methods, but
measured the already existing mixtures from dynamic light
scattering at 20 °C. Reusing the DLS samples allowed us to
directly compare the determined size as well as size distribution
of the self-assembled structures with the recorded absorption
and emission spectra. Additionally, we performed DLS, UV-vis
and fluorescence spectroscopy in the same regular, frequent
intervals to receive the optimal requirements for analyzing the
potential ionic self-assembly process of 1**:10°" and
6" : 10°~. We also tried to measure systems containing 4>* ions,
but the compound did not show (i) significant absorption peaks
and (ii) emission spectra, probably due to the solvent mixture of
DMSO : glycerol : water 50 : 43 : 7 (V/v/v).

3 Results and discussion
3.1 General remarks

As introduced in ref. 50, we applied the established terms (i)
globular ionoids, (ii) anisotropic ionic cluster and (iii) ion cloud
to describe the ionic self-assembly process for all of the

RSC Adv., 2019, 9, 18627-18640 | 18631
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following systems. To validate the formation of such nano-
scopic entities due to the complex interactions between the
ionic building units, we measured the pure solvent mixture
DMSO : glycerol : water 50:43:7 (v/v/v), which was treated
exactly like every other sample, with DLS as shown in Fig. S.1.7
The solvent itself does not present pronounced autocorrelation
functions and therefore no tendencies in independently estab-
lishing defined structures. Moreover, the surface tension of the
mixture DMSO : glycerol : water 50 : 43 : 7 (v/v/v) (see Fig. S.27),
which is significantly lower compared to water, indicates that
the building units tend to stay inside the bulk and do not move
to the air-solvent interface. At last, DLS data of each building
unit separately dissolved in our solvent mixture (see Fig. S.3 and
S.4t) were recorded to ensure that (i) these compounds alone do
not present high scattering intensities and (ii) the combination
of matching cationic and anionic unit is the important condi-
tion for well-defined ionic cluster.

The construction principle of our ionoid evolution diagrams,
elaborately introduced in ref. 52, can be found in the ESL.f CW
EPR studies are limited in measuring the ion cloud state that
forms in the initial hours after preparation of the system due to
the disproportionation of the EPR-active Fremy's salt dianion
(3%7) in solution proceeding faster than the ten-day incubation
period of globular, colloid-like ionic structures. Finally, we
mainly focus on new systems which combine (i) large cation
with small anion and (ii) small cation with small anion to
exemplary discuss the size ratio influence on the dynamically
driven self-assembly process of ionoids.

3.2 Substitution of 2>~ (3>7)

We have substituted the anionic component in our model
system 1**: 22~ (1**: 327, respectively), to create new mixtures
with the rather large multicationic molecular box 1** as cationic
component and the following anionic building units:

(1) Small dianions 7>, 8>~ and 9>~ with the concentration
ratio 1 mM : 3 mM and,

(2) Large trianionic chromophore 10*~ with the concentra-
tion ratio 10 uM : 30 uM.

The applied concentrations for these new systems are
derived from several preliminary tests, yield pronounced scat-
tering intensities compared to the used solvent and represent
ionic ratios that in the established system lead to globular, least
anisotropic ionoids. Note that we reduced the concentration
ratio for the Amaranth dye (10°7) to directly compare DLS with
UV-vis and fluorescence spectroscopy data.

Fig. 2(a) and (b) summarizes the intensity time correlation
functions with side and back scattering for the systems with
malonate (1** : 727) and ehanedisulfonate (1** : 8°7) as well as
for the model system (1**:227) in DMSO : glycerol : water
50 : 43 : 7 (v/v/v) at measurement day ten. Both new systems,
which combine a large cationic component with small dianions,
display a (i) delayed decay in their autocorrelation functions
and (ii) reduced y-intercept-values compared to 1** : 2>7, indi-
cating a preferred formation of larger entities and/or rather
polydisperse particle size distributions. This fact is further
highlighted in Fig. 2(c) and (d), which shows the development of
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the hydrodynamic radii for the present colloid-like structures
over time. 1** : 7>~ and 1** : 8%~ are able to partially build up
anisotropic ionic clusters after an incubation time of ten days,
but we still detect the large (>100 nm) initial ion cloud state
(open symbols in Fig. 2(c) and (d)) as second scattering
component. Furthermore, the self-assembled entities for both
systems fall apart over the course of several days, possessing
reduced durability compared to the long-lived globular ionoids
of 1** : 227 5% Note that we applied the same concentration ratio
of 1 mM : 3 mM as well as ionic ratio of 2/3 for the malonate-
and ethanedisulfonate-system, leaving their chemical nature
(see Fig. 4) as reason for the changed dynamically driven self-
assembly process. DLS data for system 1*':9”" show
a similar behavior compared to mixtures containing compound
8>~ (see Fig. S.117), while the combination of both large cation
and large anion (1** : 10°7) builds up rather extended structures
near the transition from anisotropic ionic clusters to the initial
ion cloud state with a certain durability (see Fig. S.127).

Based on the performed DLS measurements we studied the
colloidal stability of systems 1**: 7>~ and 1**: 8> after the
incubation period of ten days through the emPALS method.
Again we used the combination of ‘Texas-sized molecular box’
and methanedisulfonate as reference point. Here, the self-
assembled globular ionoids present a well-defined phase plot
(as shown in Fig. S.67) and the calculated zeta potential of { =
66.5 mV + 1.2 mV, which is in absolute numbers similar to the
electrokinetic potential for nanosphere size standards made out
of polysterene (see Table S.271), supports the well-known high
stability of 1** : 2>~ ionic clusters in solution.” Note that based
on the measurements for pure 1** and 2>~ solutions the ‘Texas-
sized molecular box’ is, under the influence of an external
electric field and despite its larger diameter, the more mobile
compound inside the DMSO : glycerol : water solvent mixture.
To verify that the globular ionoids survived the treatment with
the cmPALS method, we repeated the DLS measurements and
compared the autocorrelation functions for both scattering
angles, as shown in Fig. 3. The intensity time correlation
functions as well as the monodisperse particle size distributions
show almost no change, which again demonstrates the colloidal
stability of our self-assembled entities.

The systems containing malonate and ethanedisulfonate
instead of methanedisulfonate just partially build up aniso-
tropic ionic clusters, therefore we assume a reduced zeta
potential, but 1** : 7>~ and 1** : 8%~ should still reach a value of
+30 mV to label these self-assembled entities as highly stable.
Table 3 summarizes the recorded electrophoretic mobilities as
well as determined zeta potentials for both systems and their
respective ionic building units. Note that each ionic building
unit contributes their associated counterions (see Fig. 1) into
the solution, which will be affected by the external electric field.
Similar to the model system we see that the ‘Texas-sized
molecular box’ represents the more mobile ionic building
unit and mainly determines the recorded electrokinetic poten-
tial for the new systems 1**: 7>~ and 1** : 8%~. By adding the
anionic compounds to 1** significantly reduces its margin of
error for both electrophoretic mobility and zeta potential.
Anisotropic ionic cluster containing malonate can be

This journal is © The Royal Society of Chemistry 2019
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Table 3 Summary of the cmPALS results for the systems 14+ : 72~ and
1**: 82~ 1 mM : 3 mM in DMSO : glycerol : water 50 : 43 : 7 (v/v/v)

Compound to/pmemV ts? ¢/mv

14 0.045 + 0.008 31.1+ 5.2
7> —0.002 + 0.001 —1.7 £ 1.0
g>? —0.001 £ 0.001 —0.7 £ 0.7
1" 72 0.062 =+ 0.003 37.4 £ 2.0
1% 8% 0.056 + 0.003 28.7 £ 1.5
1% ;22 0.111 £ 0.002 66.5 + 1.2
Polystyrene* —3.695 & 0.0210 —64.6 + 1.0

“ Counterion: PF, . ” Counterion: Na’. ¢ Nanosphere size standards in

deionized Milli-Q-water.

considered as highly stable, whereas the entities with ethane-
disulfonate lie between highly stable and moderately stable.
After the cmPALS studies we repeated, similar to the model
system 1*":2>", DLS measurements with both systems (see
Fig. S.8 and S.107). Here, the partially build up anisotropic ionic
cluster do not withstand the influence of the electric field as
good as well-defined globular ionoids, which is visible in the
less pronounced autocorrelation functions. Note that the
mixture containing malonate gets more affected by the elec-
trophoresis process, even though the determined zeta potential
is larger than for system 1**:8>". The applied electric field
seems to induce a rearrangement between cationic and anionic
building units, which alters the scattering intensity.
Replacing both sulfonate-groups in compound 2>~ with
carboxylate-groups (7°7), as shown in Fig. 4, significantly
reduces the electrostatic interactions between the anionic
building block and the ‘Texas-sized molecular box’, which
results in the formation of ionic clusters with anisotropic shape
and less durability.{ A similar effect is observable when keeping

1 Studying the effects of sulfonate- and carboxylate-groups are already well-known
for so called ‘ionomers’ (polymers, which comprise fraction of ionized units), see
e.g. ref. 89 and 90.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Direct comparison of the chemical structure for meth-
anedisulfonate (2%7), malonate (727) and ethanedisulfonate (8%").
Significant changes in the chemical nature for the new anionic building
blocks are highlighted in red.

the sulfonate-groups, but exchanging the methylene-group of
methanedisulfonate with an ethylene-group (8*). Here, the
increased distance between both negative charges and poten-
tially the change in charge density precludes the dynamic self-
assembly into long-lived ionic clusters. At this point, however,
it is not possible to quantify the changes in electrostatic inter-
actions as well as weaker noncovalent forces.

To further (i) visualize the development of the self-
assembled entities for the systems 1**:7>~ and 1*":8>"
over time and (ii) compare these with 1**: 2>~ we use the
ionoid evolution diagram (IED) in Fig. 5. The left y-axis
displays the volume charge density of the applied building
units, which could be calculated by dividing the charges z*
(multiplied with the elementary charge e) of the cationic and
anionic components by their respective volumes (see ESIT for
details). As x-axis we use the diameter of all four ions
(without solvation shell) due to the importance of the size
and size ratio of the anionic and cationic component for the
self-assembly process. Through combining the multicationic
box 1** with one of the small anionic building blocks, we can
profess the molar ratio of 1:3 and are able to adjust the
resulting volume charge density as well as acting electrostatic
correlations®* along the connecting line of both ions. Each
system constitutes its own main sequence with one specific
intersection highlighting the utilized molar/ionic ratio for
DLS measurements, allowing us to directly compare the ionic
self-assembly process for different systems with e.g. similar

RSC Adv., 2019, 9, 18627-18640 | 18633
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size ratio. Starting from these intersections we plot at the

. . - / b .
right y-axis the eccentricitye = /1 — E§ to define deviations

from a perfect sphere (with a value of e = 0) versus the final
size of the ionic cluster,q illustrating the shape and its
deviation from a perfect, isotropic sphere of the self-
assembled entities. Additionally, we include the time begin-
ning from the complete incubation period of ten days (blue
full dots) until the last measurement day (arrow to blue
crossed dots). Evolution with time is emphasized in IEDs by
the oval (for globular ionoids more circular) frame.

As visualized in the IED (Fig. 5), we deduce for the new
mixtures:

(1) 1** : 72~ builds up initial ionic structures with anisotropic
shape, which, over the course of 43 days, revert to the ion cloud
state.

(2) 1** : 8>~ shows larger initial ionic cluster with an inher-
ently more anisotropic shape that decompose into trivial ion
pair coordinations between ‘Texas-sized molecular box’ and
ethanedisulfonate.

(3) The size combination of large cation and small anionic
component is in general capable of building anisotropic
ionic cluster. However, by (i) substituting the functional
sulfonate-groups (7°7) and (ii) increasing their respective
distance (8°7) in methanedisulfonate, the durability as well
as monodispersity of the self-assembled entities is signifi-
cantly reduced.

§ Parameter a and b are the length of the semi-major and semi-minor axis from
ellipses. The exact adaptation of the eccentricity for the IEDs utilizing our DLS
data can be found in the ESI.

9§ For creating the IEDs, we applied the values of the hydrodynamic radius
correlating to the smaller entity of the polydisperse particle size distribution. If
we did not record values in the region of (at least) anisotropic ionic cluster
inside the sample, we took the results indicating the ion cloud state to
complete the IED.
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3.3 Substitution of 1**

Replacing the ‘Texas-sized molecular box’ in our model system
1*":2”" can be used to create new mixtures with the small
dianion 2>~ (3%>7, respectively) and:

(1) Cations of similar size as 1** like 4> (13.3 pM : 20 uM)
and 5" (1 mM : 3 mM) and,

(2) The more flexible and slightly smaller 6** (1.6 mM : 1.2
mM).

Again we highlight the molar ratios, which (based on
preliminary investigations) currently present the most promising
cation-anion-compositions. Note that we had to reduce the
concentration for the 4**-system to record DLS with sufficient
transmission. At last, we prepared a mixture containing 6**
together with the large trianionic chromophore 10°>~ (10 uM : 30
M). Here, we (i) substituted both established building blocks at
the same time and (ii) created a system with the inverse size ratio
(small cation with large anion) compared to 1**: 2*~. Further
information about this mixture can be found in the ESL{

Fig. 6(a) and (b) summarize the intensity time correlation
functions with side and back scattering for the systems with
phthalocyanine (4> : 2>7) and spermine (6** : 2°7) as well as for
the model system (1**:2>7) in DMSO : glycerol : water
50 : 43 : 7 (v/v/v) at measurement day ten. The autocorrelation
functions for the system 4”* : 2>~ possess reduced y-intercept-
values, but just minor delays in their incipient decays
compared to the established system. For the 6*" : 22~ mixture
we record autocorrelation functions with similar shaping in
relation to 1*":2%7, which present their decays at higher
correlation times 7. Both new systems show the potential to at
least partially build up anisotropic ionic cluster, which is
further highlighted in Fig. 6(c) and (d). Here, we display the
time-dependent evolution of the hydrodynamic radii for the
present colloid-like structures. Besides the formation of rela-
tively stable self-assembled anisotropic clusters for 4>* : 2>~ and
6" : 2>~ over the course of 43 days, we also detect larger entities
(open symbols in Fig. 6(c) and (d)) throughout the total
measurement period, representing the initial ion cloud state.
Note that for the combination of large cation and small anion
(4> : 2°7) the same ionic ratio of 2/3 as for the systems con-
taining the ‘Texas-sized molecular box’ was used, while for the
system of small cation and small anion (6** : 2>7) the ionic ratio
is 8/3. This shows that based on the dimensions, conforma-
tional flexibilities and charge densities of the utilized ionic
building units we have to adjust the ionic ratio to build up
colloid-like ionic cluster. Compound 5** in combination with
methanedisulfonate does not build up ionoids or anisotropic
ionic cluster after the ten-day incubation period, even if we
apply the ionic ratio of 2/3 (see Fig. S.177).

To study the colloidal stability of the promising new system
6" :2>", we again used the cmPALS method followed by
renewed DLS measurements. Table 4 summarizes the recorded
electrophoretic mobility as well as determined zeta potential for
this system and its respective ionic building units. The elec-
trokinetic potential for the anisotropic ionic clusters surpass
the value of £30 mV, which verifies the existence of highly
stable self-assembled entities. Note that the mixture with

This journal is © The Royal Society of Chemistry 2019
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spermine did not reach the zeta potential value from the glob-
ular ionoids with 1**, because of (i) just partially build up self-
assembled entities and (ii) the significantly lower electropho-
retic mobility of spermine in the solvent mixture DMSO : gly-
cerol : water 50 : 43 : 7 (v/v/v).

The repetitive DLS measurement of 6** : 2>~ after the elec-
trophoresis displays, analogous to the model system, an unal-
tered autocorrelation function and particle size distribution for
side scattering, as shown in Fig. 7. For back scattering (see
Fig. S.217) we record a less pronounced autocorrelation func-
tion, which indicates a prorated decay or changed shape of the
anisotropic ionic clusters. However, compared to the new
system with substituted methanedisulfonate, the mixture
6*" : 2>~ builds up the most stable self-assembled entities.

In contrast to the substitution of 2>~, we could apply CW
EPR spectroscopy by using Fremy's salt dianion, leading to
the adjusted mixtures 4>* : 3>~ and 6*": 3>~ in DMSO : gly-
cerol : water 50 : 43 :7 (v/v/v). Replacing 2>~ with 3>~ can
influence interactions inside the ion cloud, but electrostatic
correlations especially to the cation remain unchanged, as
shown in ref. 49. To assess the electrostatic interactions

This journal is © The Royal Society of Chemistry 2019

between our ‘new’ cationic component and the nitroxide
radical, we measured different molar ratios for the tested
systems and analyzed the resulting spectra. Note that we had
to increase the concentration of Fremy's salt in the system
4%* : 3°” to 200 uM to obtain spectra with sufficient signal-to-
noise ratio due to the fast decomposition of the nitroxide.
Higher concentrations could not be used, because of the low
solubility of 4" in the solvent mixture DMSO : glycerol : -
water 50:43:7 (v/v/v). Furthermore, we measured pure
Fremy's salt with its respective concentrations in the

Table 4 Summary of the cmPALS results for the system 6%+ : 22~ 1.6
mM : 1.2 mM in DMSO : glycerol : water 50 : 43 : 7 (v/v/v)

Compound we/umem v tst {/mv

o 0.005 + 0.008 3.6 £5.4
227b —0.001 & 0.003 —0.3+1.0
6" 2% 0.067 & 0.003 39.8 + 1.8
102 0.111 + 0.002 66.5 + 1.2

“ Counterion: Cl~. * Counterion: K.
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established solvent to distinguish between the influence of
solely (i) solvent viscosity and (ii) electrostatic interaction
with increasing cationic concentration on the rotational
mobility of our spin probe. To quantify the latter effect of
increasing 4°* or 6** concentration on the rotational mobility
of Fremy's salt, we applied the evaluation systems®® already
established for the model system 1**: 3%":

(1) Analyzing the line width, where we use the full width at
half maximum (FWHM) values, of the CW EPR spectra by
simulating isotropic broadening, which is implemented in the
EasySpin program package. Note that this method does not
assume any physical model causing the broadening.

(2) Calculating the anisotropy T of the rotational diffusion
tensor as

D” - Dl

T "2 2
Dy+2D, @)

We mainly discuss this parameter that emphasizes the
distinction between D and D, and characterize the magnitude
of electrostatic interactions in the direct vicinity of Fremy's salt
in the ESL}

(3) As a very simple measurement, the isotropic rotational
correlation time 7. can be calculated even in the case of (slight)
anisotropy of rotational motion (see ESIt).

Fig. 8(a) and (b) show the effect of adding one of the cationic
components, 4" or 6**, to our pure radical at X- and Q-band
frequencies for the molar ratios 1:6 and 1: 1, the complete
development of the line width with their increasing concen-
tration is plotted in Fig. 8(c) and (d). For the model system
1**: 3>~ in the established solvent mixture we know® that the
pure nitroxide shows rotational diffusion based on an axial
tensor with the unique axis (D)) along the N-S-bond of Fremy's
salt (see red arrow in Fig. 1). Adding 1** leads to significant line
broadening due to slowed-down rotation of Fremy's salt dianion
mainly around its molecular z-axis. We can further follow the
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transition from weak electrostatic correlations between 1** and
3" to a more direct ion pair coordination with increasing
cation concentration.* The frequency-dependent differences in
time-frame sensitivity/averaging lead to a stronger pronounced
coordination transition inside the Q-band spectra due to
a better resolution at the limit of fast rotation.

For the system 4> : 3%~ we record no significant changes in
the rotational mobility of the nitroxide at both frequencies as
well as no line broadening effects (Fig. 8(c)) due to electrostatic
interactions between the phthalocyanine and Fremy's salt
dianion. One reason could be the reduced concentration of 3%~
with 200 uM compared to our studies with the model system (3
mM), which drastically hinders the formation of e.g. ion pair
coordinations at larger molar ratios directly after sample
preparation (day 0). Another cause could be that phthalocya-
nines in general are fairly rigid molecules with limited options
for conformational flexibility®®> compared to the ‘Texas-sized
molecular box’ with its conformational flexibility and adjust-
able shape to accomodate guest molecules.**** However,
analyzing the anisotropy T (see Fig. S.167) reveals changes for
the distinction between the unique axis D; and the axes
perpendicular to it (D,), which indicates the intial self-
assembly process of the later detected anisotropic ionic
cluster.

The system 6** : 3%~ shows effects in the CW EPR spectra at
X-and Q-band frequencies that are similar to those in the model
system with the multicationic box 1**:3

(1) Steady increase in the line width correlating with higher
amounts of 6** and stronger electrostatic interactions with and
subsequent slow-down of Fremy's salt and,

(2) Reaching a plateau value for the FWHM at a molar ratio of
1:2 (within the margin of error), indicating similar local
dynamic electrostatic attachment inside the ion cloud state at
day 0 for mixtures above this ratio.

It seems that the flexibility of the ionic building block 6**
allows,” just like for 1**, the formation of strong enough elec-
trostatic interactions with the dianion of Fremy's salt to
significantly influence its rotational mobility. Note that the
absolute effect for line broadening as well as rising rotational
correlation time 7. (see Fig. S.23t) due to spermine do not reach
the extent observed with the ‘Texas-sized molecular box’, which
can explain the formation of just partially anisotropic clusters
instead of monodisperse globular ionoids based on the DLS
data. One reason could be again the slightly reduced concen-
tration of 1.6 mM or the general alteration from a multicationic
box to a more linear structure (see Fig. 1).

Similar to the section describing the exchange of meth-
anedisulfonate 2>, we summarize the ionic self-assembly
process for 4°*:2>" and 6% :2> in an ionoid evolution
diagram (see Fig. 9). To compare the discussed systems, we
include their respective main sequence lines with their specific
intersection for the applied molar/ionic ratios. Note that the
main sequence lines show a more prominent separation
compared to Fig. 5, especially between the two larger cations
and the rather small 6**, due to the stronger deviations in their
volume charge densities.

Based on the IED in Fig. 9 we can deduce:

This journal is © The Royal Society of Chemistry 2019
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(1) 4**: 2> builds up ionic cluster in the size range of
globular ionoids, but with highly increased shape anisotropy.
Over the total measurement time of 43 days we recognize
a slight decrease in the diameter of the self-assembled entities,
which indicates a slow decomposition into rather trivial ion pair
coordinations. Similar to the new systems, which also combine
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well as the three states of the ionic self-assembly process.
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large cations with small anions (1**:7>" and 1*":8%7), we
obtain anisotropic ionic cluster at an ionic ratio of 2/3. Note that
for these introduced systems the self-assembled entities inside
the phthalocyanine (4>*) mixture possess the highest durability,
which is visible in the IED with the small elongation of its oval
frame.

(2) 6" :2>" shows small and durable anisotropic ionic
cluster, which display just minor increase in their diameter over
the course of the total measurement time. The IED again
highlights the stability of the self-assembled entities through
the small elongation of the oval frame. Replacing 1** and
changing the size ratio to small cation and small anion can lead
to long-lived ionic clusters, when the ionic ratio is correctly
adapted. For the system 6" : 2>~ we used the ionic ratio 8/3,
which has to be further verified with other ionic building
blocks.

4 Conclusions

We set out to explore our previously described ionic self-
assembly process towards ionoids in systems containing ‘new’
polyphilic ionic building units. In the main text we highlighted
mixtures, which can be categorized due to their size ratio of
cationic and anionic component into systems with (i) large
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cation and small anion and (ii) small cation and small anion.
Based on our DLS data, we assigned a specific ionic ratio for
both variations, which lead to the partial build up of anisotropic
ionic clusters in solution after the incubation period of ten days.
For the size combination mentioned first we applied the ionic
ratio of 2/3, while for the second one we had to adapt the ionic
ratio to 8/3. Note that these values can only serve as an indica-
tion for the formation of highly defined structures, because
other parameters like the ion concentration also affect the self-
assembly process.*

This aspect can be further analyzed for systems falling into
the first size ratio category. Even under constant measurement
conditions (temperature, solvent mixture, concentration and
ionic ratio), we arrive at long-lived globular ionoids for the
system 1*":2>7, but solely obtain anisotropic ionic clusters
with reduced long-term stability when replacing one of the
model components. The lowered zeta potential for our new
systems, which still own electrokinetic potentials between
29 mV and 40 mV, confirms their weakened colloidal stability.
The chemical nature of the ‘Texas-sized molecular box’ and the
methandisulfonate apparently represent an optimal combina-
tion to build up highly defined structures in solution. The
multicationic box with conformational flexibility acts as struc-
turing unit, while the small dianionic methanedisulfonate
contains two sulfonate-groups with the right distance to each
other for the formation of long-range electrostatic interactions
as well as well-balanced weaker noncovalent forces. Note that at
this point it is not possible to quantify the contribution of
electrostatic interactions and noncovalent forces let alone their
modifications by the substitution of one of the model
compounds. This is ongoing work.

The previously introduced ionoid evolution diagrams (IED)
are able to illustrate the influence of various parameters (like
e.g. molar ratio or size ratio) on the formation of our highly
defined structures (i) directly after the incubation time of ten
days and (ii) throughout the entire measurement period.
Furthermore, we can analyze the durability of the self-
assembled ionic clusters as well as characterize their devia-
tions from a spherical shape with the calculated eccentricity.
The respective IEDs in Fig. 5 and 9 allow the direct comparison
between the new systems (and the model system 1** : 2>7) with
respect to size/ionic ratio and are thus valuable tools for opti-
mizing the ionic self-assembly process for a variety of ionic
building units. We further try to expand (i) different combina-
tions between the introduced ionic building units and (ii) the
measured molar/ionic ratios for already established systems to
refine the design parameters for the formation of ionic clusters.

Going beyond the solution-based self-assembly processes in
ionoids one may speculate whether the here described
processes may be relevant for other structure formation
processes, e.g. for the above mentioned mechanically inter-
locked molecules or even crystallization of ionic substances
from solution. Currently, this type of questions connecting solid
state structures formed from solution with our dynamically self-
assembled clusters cannot be conclusively answered and is
a central question in our current work. Another future aim will
be to achieve anisotropic clusters (or even globular ionoids) in
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simpler solvent mixtures and the general aim remains to
understand the delicate physical-chemical processes leading to
the formation of these remarkably robust yet extremely ‘soft’,
solution-based structures.
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