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Self-assembly of organic molecules offers an attractive approach
for the development of potentially functional nanostructures using
relatively simple molecular building blocks.1 In contrast to the
numerous investigations of the structural properties of supramo-
lecular aggregates, only a small number of studies focus on the
time scale of self-assembly,2 disassembly,3 and aggregate morphol-
ogy transitions.4 The kinetics can give valuable information on the
aggregation route and the intermolecular interactions, allowing for
better tuning of the molecular building blocks needed for rational
design of complex functional nanostructures.5-7

We have investigated the kinetics of the temperature-induced
aggregation of macrocyclic molecules in solution using magnetic-
field-induced birefringence. This technique is sensitive to the degree
of molecular order of an entire aggregate rather than the short-
range order probed by techniques such as UV-vis and circular
dichroism spectroscopy. Therefore, we can distinguish ordered and
disordered macrocycle aggregates in a quantitative manner. We have
found that after a monomeric solution of macrocycles is cooled to
a temperature Tf below the aggregation temperature, it takes days
or weeks to form ordered aggregates, with a formation rate that
increases with decreasing Tf. Such slow formation is unusual for
individual conjugated aggregates, which exhibit typical time scales
of a few seconds8 to several hours.9 We attribute this exceptionally
slow behavior to the polystyrene tails of the macrocycles, which
hamper the aggregation of the rigid cores.

The shape-persistent macrocycle (Figure 1a) comprises a
phenylene-ethynylene-butadiynylene backbone as a rigid core.10

Four extraannular tert-butyl groups and two large, flexible
polystyrene chains are attached to the vertices of the backbone
to enhance the solubility of the molecule. The molecule possesses
a large anisotropy in the diamagnetic susceptibility (∆� ≈ 10-7

m3/mol) resulting from the coplanar orientation of the phenyl
rings.11 An external magnetic field tends to orient such aniso-
tropic molecules in order to minimize their magnetic energy.
However, for individual molecules, the change in energy is small
relative to the thermal energy. Only a large group of ordered
molecules can overcome the thermal randomization and align.
Therefore, only ordered aggregates of sufficient size can be oriented
by experimentally available magnetic fields, whereas disordered
aggregates cannot.12 The induced alignment can be detected
optically as magnetic-field-induced birefringence ∆n (magnetic

birefringence). Since ∆n depends on size, order, and aggregate
density, we can follow the time-dependent aggregation process in
solution in a contact-free way.

In cyclohexane, the macrocycle forms fibers that can be
transferred to a mica substrate by drop-casting.10,11 Because of the
effects of solvent evaporation and molecule-substrate interactions,
atomic force microscopy (AFM) is not suited for studying the
kinetics, but it is useful for visualizing the fiber morphology (Figure
1b). The fibers all have a height of 5 nm (Figure 1d) and are not
clustered. The length histogram (Figure 1c) displays the typical
exponential distribution expected for supramolecular aggregates13

(the typical length is 1.6 ( 0.1 µm). The persistence length,
important for magnetic alignment, is estimated to be 1.0 ( 0.2 µm.11

We measured the magnetic birefringence of a 10-4 M macro-
cycle/cyclohexane solution up to 400 h after cooling to the
measurement temperature Tf (10, 14, 16, or 18 °C). Between the
measurements, the samples were not exposed to a magnetic field.
To start, the solution was heated above 35 °C for 15 min to dissolve
all of the aggregates, as verified by light scattering. The sample
was then cooled to Tf using a water bath, yielding an average
cooling rate of ∼1-2 K/min. A Tf lower than 10 °C resulted in
coagulation of the solvent (Tmelt ) 6.59 °C). For a Tf higher than
18 °C, no (ordered) aggregates were observed on an experimentally
accessible time scale.

† Radboud University Nijmegen.
‡ Katholieke Universiteit Leuven.
§ Universität Karlsruhe.
| Universität Bonn.
⊥ Present address: Forschungszentrum Karlsruhe GmbH, Institut für Nanotech-

nologie, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.

Figure 1. (a) Chemical structure of the shape-persistent coil-ring-coil
macrocycle (n ≈ 25). (b) AFM image of a 10-6 M solution drop-cast on
mica, showing the fibers. The background layer consists of macrocycle
molecules.11 (c) Histogram of aggregate length (based on 103 fibers longer
than 0.25 µm, bin size ) 1 µm). The fit yields a typical length of 1.6 ( 0.1
µm. (d) AFM cross section showing the fiber height of 5 nm.
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A typical magnetic birefringence curve is shown in the inset of
Figure 2a and resembles the usual S-shaped curve.12 For low field
strengths, ∆n increases quadratically with B, followed by a slower
increase in the intermediate regime up to 20 T. Application of higher
fields would further increase the alignment until the birefringence
saturates, but this would require fields higher than 20 T for the
macrocycle aggregates.

Figure 2a shows the magnetic birefringence caused by the
macrocycle alignment at B ) 20 T as a function of time after
cooling. We can distinguish three different time regimes, which
we will discuss on the basis of the Tf ) 14 °C measurements.
Immediately after the system is cooled, there is no birefringence
signal, and there is no shift in the UV-vis absorbance spectrum
that would indicate aggregation.11 However, light scattering experi-
ments indicated the presence of large objects characterized by strong
scattering, predominantly at small scattering vectors.11 The absence
of both a magnetic birefringence signal and a shift of the absorbance
maximum proves that these objects have a negligible degree of
(long-range) order (regime I in Figure 2b).

During a period of a few days, the disordered objects are
transformed into ordered fibers, which can be aligned in a magnetic
field (regime II), causing ∆n and the aggregate absorbance to
increase in time. We can exclude the presence of other aggregate
morphologies, since AFM11 and small-angle X-ray scattering14 have
shown that over a range of concentrations and temperatures, only
fiber-shaped aggregates exist in equilibrated solutions. From fitting
the shapes of the ∆n curves, we found that on average an aggregate
consists of 5000 molecules.11 If an intermolecular distance of 0.6
nm is assumed,14 this corresponds to an average fiber length of
2-3 µm, which agrees reasonably well with the length found by
AFM for C ) 10-6 M.

After 50 h, the fibers slowly cluster to form a network (regime
III), causing a reduced ∆n. We verified that this reduction was not
caused by precipitation.11 The network formation only occurs for
Tf < 16 °C and can be observed with the naked eye.11 A small rise
in temperature quickly breaks up this network; drop-casting a
solution with networks on mica at room temperature still results in
individual fibers on the substrate (Figure 1b).

The time scale on which these changes take place is slow and
strongly temperature-dependent: the lower Tf, the faster the kinetics.
At Tf ) 18 °C, the transformation of disordered objects to ordered
fibers takes more than 300 h, whereas this time shortens to 50 h at
14 °C and to 10 h at 10 °C. These time scales were confirmed by
UV-vis absorbance measurements.11 Only for Tf ) 18 °C was
the fraction of aggregated material too low to observe a change
in the absorbance spectrum upon aggregation. This further confirms
the usefulness of magnetic birefringence as compared with UV-vis
absorbance.

We speculate that the kinetics is influenced by the long, flexible
polystyrene tails, which have temperature-dependent solubility and
extension; the presence of the tails can hinder the ordered stacking
of monomer cores. As a result, cooling a monomeric solution leads
to the fast formation of large disordered objects that are slowly
converted into thermodynamically stable, ordered fibers, either
directly or via an intermediate step of monomers. The conversion
kinetics depends on the energetic landscape, including the barriers
between the monomeric-, ordered- and disordered states, each of
which can depend on temperature in a different way, causing the
unexpected inverse temperature dependence of the fiber formation
rate.

In conclusion, we have used magnetic birefringence as a new,
sensitive technique to probe the kinetics of molecular aggregation.
We have found three consecutive stages for the macrocycle system:
disordered objects, ordered fibers, and a network. The transition
rate from disordered objects to ordered conjugated fibers is low
and increases with decreasing temperature Tf. Linking aggregation
kinetics to molecular properties will lead to a better understanding
of the mechanisms by which molecules self-assemble, allowing for
a more rational design of the organic molecular building blocks.
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Macromolecules 2009, 42, 5900.

JA904816M

Figure 2. (a) Solution birefringence at B ) 20 T as a function of time for
different temperatures Tf. The inset shows a full birefringence curve. (b)
Schematic representation of the situation at Tf ) 14 °C, showing the
transition from disordered objects (I) to ordered fibers (II) to a large network
of fibers (for low Tf) (III).
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