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ABSTRACT: In a combined experimental and theoretical
approach, we investigate the supramolecular polymerization of
ionic discotic amphiphiles into nanorods of varying mean length,
depending on the temperature and ionic strength of the buffered
aqueous solution. Invoking a nucleated supramolecular polymer-
ization model that explicitly deals with the effects of screened
Coulomb interactions, we correlate the degree of cooperativity of
the supramolecular polymerization with the ionic strength of the
solution, as probed by means of circular dichroism spectroscopy.
Experiment and theory show that electrostatic interactions between
the amphiphiles in the rods make the polymerization less
cooperative, implying that the larger the concentration of mobile ions in the solution the larger the cooperativity due to their
screening effect. We furthermore extract quantitative information about the effective surface charge densities of the
supramolecular nanorods in solution, a parameter that has been particularly difficult to determine experimentally in other related
self-assembled systems.

The phenomenon of cooperativity involves the collective or
concerted behavior of many-particle or many-actor

systems and presents itself in a myriad of different ways in
chemistry, physics, and biology. It is of relevance not only in
the context of macroscopic phase transitions and percolation
phenomena,1 but expresses itself also in synergistic effects in
organic catalysis,2 in nonadditive effects in solvation dynamics,3

and in allosteric and chelate effects in molecular recognition
and in self-assembled macromolecules, including viruses and
actin and tubulin filaments.4,5

A better understanding of cooperativity and the way it comes
about is of key importance to obtain a comprehensive
mechanistic understanding of supramolecular polymerizations,
and may result in the ability to direct morphological and
thermodynamic properties of self-assembling systems.6 Despite
the current insights into the sources of cooperative self-
assembly, the main ones being conformational switching and
energetically unfavorable nucleating intermediates,7 active
control over the degree of cooperativity, for example, through
the rational design of the molecular building blocks, remains
elusive.8

An exception is a new class of ionic discotic amphiphiles
based on a benzene-1,3,5-tricarboxamide (BTA) core, coupled
to peripheral negatively charged Gd(III)-DTPA (DTPA =
diethylenetriaminepentaacetic acid) via a perfluorinated phenyl-
alanine linker that we, for brevity, refer to as the C3-symmetric

discotic amphiphile or C3DA (Figure 1). We recently found
that C3DAs self-assemble in aqueous solution into one-
dimensional, nanometer-sized structures with a mean length
that depends sensitively on the temperature, the concentration
and the ionic strength of the (buffered) aqueous solvent. In
fact, screening interactions between the charges on C3DA by
the addition of NaCl to the solution induces a transition from
short objects into elongated, rod-like assemblies.8d Superficially,
this is not dissimilar to what has been seen in worm-like
micellar solutions of charged surfactants.9 However, we have
discovered that for C3DA, Coulomb interactions not only
impact upon the elongation of C3DA assemblies but also their
nucleation from the monomeric to the aggregated state. This
seems less pronounced in conventional surfactant systems,
presumably because for these the cooperativity is dominated by
energetically unfavorable assemblies with aggregation numbers
below that of the smallest viable (spherical) micelle.9

Our previous investigations seemed to suggest that an
increase in salt concentration screens the repulsive interactions
between charged monomers, which induces a switch in the self-
assembly mechanism.8d,f We present here results of a systematic
investigation on the impact of ionic strength on the activation
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constant of the supramolecular polymerization, which is a direct
measure for the degree of cooperativity involved. The latter can
be adjusted with the ionic strength, opening up opportunities to
control the size of the self-assembled macromolecules.
Furthermore, we apply a statistical thermodynamic theory
describing the temperature-dependent supramolecular poly-
merization of charged species in water, allowing us to extract
quantitative information on the effective surface charge densitiy
ν of the C3DA assemblies. The charge density is a key property
that has been shown to determine the shape and size of
supramolecular polymers,8c,d,10 the long-range crystallization of
self-assembling filaments11 and the bioactivity of self-assembled
biomaterials.12 Because charge densities are notoriously difficult
to determine experimentally in self-assembled systems,13 their
quantification and the ability to tune their magnitude, are highly
desirable.
Variable-temperature CD spectroscopy has in the past been

shown to be a sensitive tool to monitor the growth of helical
supramolecular polymers and oligomers.6b,d,8d,f,10a Thermody-
namic parameters characteristic for the supramolecuar polymer-
ization process can be extracted by applying a nucleated self-
assembly model.6 Values for the polymerization temperature Tp
and the enthalpy of elongation ΔHe, as well as the degree of
cooperativity expressed in a dimensionless activation constant
Ka, are accurately determined by fitting temperature-dependent
circular dichroism (CD) spectroscopic measurements with this
model. The activation constant Ka is unity for isodesmic
processes and very much smaller than that for cooperative ones.
By performing CD measurements as a function of the
temperature T and ionic strength I of the medium, that is, by
varying the NaCl concentration, we can assess how the
thermodynamic parameters relating to the self-assembly
behavior of C3DAs in aqueous solution vary as a function of
the salinity. The theory that we invoke to analyze and
rationalize how Tp, ΔHe, and Ka change with ionic strength,
is based on a combination of a mass action model for linear self-
assembly (via a nucleation−elongation mechanism)6 and a
model that describes the ionic strength dependence of the
electrostatic free energy of relatively weakly charged, quasi one-
dimensional objects (within the Debye−Hückel approxima-
tion).14 The details of the calculations and model assumptions,

as well as a justification of these, can be found in the Supporting
Information (SI). We first investigate the CD spectra of
charged C3DA at room temperature, in which repulsive
electrostatic interactions act against the cooperative and
nucleated self-assembly mechanism that is coded into their
triple hydrogen bonding hydrophobic core (Figure 1). By
increasing the ionic strength I via the addition of NaCl into the
PBS buffer, CD spectra at room temperature show a shift in the
negative band from 262 nm (I = 0.17 M) to 278 nm (I = 1 M;
Figure 2A). At high ionic strength, the bisignate Cotton effect
for self-assembled charged C3DAs has the same shape as
discotics equipped with a charge neutral peripheral complex.8d

This similarity between the Cotton effects indicates that
repulsive interactions at the periphery of the nanorods are
weakened and the packing of the core aromatic chromophores
in the helical aggregates changes accordingly.
The temperature-dependent CD cooling curves of C3DA in

PBS buffer at various ionic strengths show pronounced changes
in their shape (Figure 2B). Fitting the profiles at two different
discotic concentrations (6 × 10−6 M and 8 × 10−6 M) with the
nucleation−elongation self-assembly model6a,c produces values
for Tp, ΔHe, and Ka (see SI for full details and Tables S1 and
S2). In agreement with the theory, the polymerization
temperature Tp (the critical temperature below which
elongation becomes thermodynamically favorable) shifts to
higher temperatures with increasing ionic strength [Figure S3A,
eq (46) in the SI]. We also find that the enthalpy of elongation
ΔHe increases with ionic strength, as expected from the theory
[Figure S3B, eq (51) in the SI].
Crucially, we were intrigued to observe that the dimension-

less activation constant Ka decreases upon increasing the ionic
strength, indicative for a more cooperative self-assembly
process. This is a direct result of a change in the self-assembly
mechanism, as previously hypothesized, from a frustrated
growth yet near-isodesmic mechanism (with Ka ≈ 10−1) to a
strongly cooperative system (with Ka ≈ 10−4). Importantly,
adding a water-soluble nonionic organic crowding agent, L-
mannitol, instead of NaCl did not lead to significant changes in
the CD shape or cooling curve of the self-assembled helical
C3DAs (Figure S5). Excluded-volume effects at these low self-
assembling C3DA concentrations can therefore be neglected.

Figure 1. Molecular structure of the C3-symmetrical discotic amphiphile (C3DA) and the schematic representation of the self-assembly into a
helically ordered architecture.
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According to our model calculations for the nucleated self-
assembly of linear charged objects in water, Ka scales with the
ionic strength I (in m−3) as follows [eq (27), SI]: ln Ka(I) =
lnKa(∞) + ν2λDλB, where ν is the projected linear charge
density, that is, the number of charges per unit length, λB, the
Bjerrum length [=0.71 nm at room temperature, see SI, eq
(10)], λD = 1/(8πλBI)

1/2, the Debye screening length, and I, the
number density of monovalent salt (dimension m−3). So,
adding salt makes the assembly more cooperative, which indeed
is what we observe experimentally. By fitting ln Ka(I) to the
predicted 1/√I dependence in Figure 3, we obtain values for
the scale factor ν2(λB/8π)

1/2 ≈ 1 × 1014 ± 0.9 × 1013, allowing
us to extract the (effective) linear charge density ν of the
nanorods in aqueous solution equivalent to 4.5 ± 0.3 nm−1.
Obviously, this value is merely a projected quantity, since we

are dealing with self-assembled cylindrical (rod-like) objects
with a well-defined diameter that bear negative charges at their
surface. Knowing the diameter of the cylinders of 6 nm (width
of the molecular building blocks),8d we can calculate their
surface area per nm (π × 6 nm × 1 nm = 18.9 nm2). Based on
this, we can extrapolate the effective linear charge density values
into effective surface charge densities of 0.24 ± 0.02 nm−2. The
found value is lower than the expected one of 0.91 nm−2,
calculated using a cylindrical surface area per nm of 18.9 nm2,
by approximating the C3DA−C3DA distance15 in the self-
assembled stacks to be 0.35 nm and by assuming that C3DA

carry the maximum of 6 fully ionized charges. In comparison,
the surface charge density of double helical DNA is ∼1 nm−2,16

which is considered to be a particularly strongly charged
polyelectrolyte.
We attribute the discrepancy between the nominal and found

surface charge density to counterion condensation, that is,
counterions that are effectively bound to the highly charged
surfaces of the self-assembled nanostructures.17 We do not find
any effects of nonuniform counterion condensation, although
this is not surprising given that the relevant conditions, such as
a large Debye screening length on the scale of the width of the
assemblies, are not met.18 While describing a nominally highly
charged cylindrical self-assembly by a line charge, as we have
done, and applying an electrostatic theory valid for low charge
densities, may appear an oversimplification, the theory does
predict effectively the impact that ionic strength has on the
thermodynamic parameters describing C3DA self-assembly.
The trends of Tp, ΔHe, and Ka with increasing ionic strength
predicted by the model agree well with the experimental
findings. Moreover, it confirms our observation that screening
of the Coulomb interactions between charges on individual
assemblies by mobile ions enhances the cooperativity of the
equilibrium polymerization.
It is important to note that effective charge densities in

related supramolecular systems have been particularly difficult
to assess experimentally,8b−d,10−12 which is remarkable because
subtle changes in the molecular structure of the ionic
monomers have been shown to lead to dramatic effects in
the self-assembly properties and function of the obtained
materials. Early key studies on balancing attractive and repulsive
interactions in aqueous self-assembly include the work of van
Esch et al.8b on cyclohexane−amino acid conjugates, which
form responsive hydrogels that can be reversibly switched from
gel to sol by changing the pH. Another important study was
reported by Hartgerink et al.8c using multidomain peptides to
control the self-assembly of nanostructured fibers. In both
systems, Coulombic repulsive interactions introduced via
charged amino acid moieties were the primary reason for
disassembly to occur. In line with these studies and our own
previous investigations,8d,f,19 our findings hereby confirm once

Figure 2. (A) Ionic strength I dependent room temperature CD
spectra for the Gd(III)-DTPA discotic amphiphile and (B) the
corresponding cooling curves from the molecularly dissolved state
[PBS buffer (10 mM, pH 7.4), I = 0.17−1.0 M], monitored at λ = 270
nm; the normalized data is shown as degree of aggregation ϕ versus
temperature T: 0 referring to the molecular dissolved state and 1 to a
fully polymerized system; in all cases, the discotic concentration was
kept constant at 8 × 10−6 M.

Figure 3. Degree of cooperativity Ka as a function of the ionic strength
I in the self-assembly of ionic discotic amphiphiles [concentration of 6
× 10−6 M (triangles) and 8 × 10−6 M (circles)]. The graph is plotted
as ln(Ka) vs 1/√I, with I expressed as m−3, as predicted theoretically:
see the SI. The linear fit of the data points [R2 = 0.86 (triangles) and
0.94 (circles)] gives as slope 1 × 1014 ± 0.9 × 1013 for both
concentrations of the discotic amphiphile.
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more that balancing attractive and repulsive interactions allows
the control of the growth of ordered supramolecular polymers.
In conclusion, we put forward a model for the nucleated

linear self-assembly of charged species in order to analyze how
salt alters the reversible polymerization of C3DA in water. The
model confirms our experimental observation that screening of
repulsive Coulombic interactions by added salt leads to a
significant increase in the cooperativity of the polymerization.
The findings we present here are significant: while it was
known that screening of interactions between charges enhance
elongation,14c the impact it has on the degree of cooperativity
in the equilibrium polymerization was not known. Because
cooperativity is crucial to influencing the length and shape of
the supramolecular nanorods in solution, accessible and tunable
ways to control cooperativity are highly important. Our
approach is generally applicable to quasi one-dimensional
supramolecular polymerizations in aqueous solution or in the
gel-state and particularly relevant for biomedical applications
ranging from tissue engineering and drug delivery to molecular
imaging.
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