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Abstract: On the basis of temperature-dependent UV-vis and circular dichroism (CD) spectroscopy
measurements, we observed that C3-symmetrical discotic molecules, chiral (R)-1 and achiral 2, both self-
assemble in a highly cooperative fashion. Chiral (R)-1 shows a higher degree of cooperativity, meaning it
requires a larger nucleus before elongation sets in, as compared to achiral 2. Next to that, we investigated
the mechanism of the “sergeants-and-soldiers” principle, where we found that the chiral sergeant (R)-1
strongly amplifies the preference in handedness of the mixed stacks of (R)-1 and 2. However, the elongation
temperature and the degree of cooperativity are linearly dependent on both, at least in the regime above
4% of sergeant in the mixed system. Remarkably, we observed that at room temperature a fast exchange
on the second time scale exists between molecules and stacks of sergeant (R)-1 and soldier 2, and that
interconversion between M and P helices is fast at this temperature.

Introduction

Chemical self-assembly offers an attractive approach for the
development of complex, supramolecular nanostructures, starting
from relatively small and simple molecules. Remarkably, and
in contrast to the numerous reports which deal with self-
assembled structures, there is only a limited number of papers
that deal with the mechanisms of the processes by which these
molecules self-assemble. For the rational design and construction
of more complex structures, however, it is crucial to unravel
the self-assembly mechanisms, as these will determine the
noncovalent synthetic routes.1

Isodesmic (or equal-K) self-assembly2 has been reported for
linear self-assembly of organic molecules3-10 and is indeed
operative in, for example, our supramolecular polymers based
on ureido pyrimidinone units.11 Cooperative self-assembly has

been described by a modified isodesmic model2 in which all,
but the first association constant, that is, the dimerization
constant, are assumed to be equal.12-14 This model has its
limitation since it assumes that only the first noncovalent
assembly step is different from all the other steps. In biochemical
systems however, cooperative self-assembly of proteins has been
described by a nucleation-growth model,15-19 which is charac-
terized by the unfavorable formation of nuclei of a critical size,
followed by a favorable elongation process.

We have recently used a modified nucleation-growth model,
originally developed by Oosawa and Kasai,16 to describe the
cooperative self-assembly of organicπ-conjugated molecules
into helical fibers.20 For the temperature-dependent self-as-
sembly of chiral oligo(p-phenylenevinylene) derivatives, two
temperature regimes could be distinguished: the nucleation and
the elongation regime, which were separated by the elongation
temperature. Above the elongation temperature, most of the
system is in the inactive, nonhelical state (nucleation regime),
at the elongation temperature activation occurs, and then below
the elongation temperature growth of the chiral aggregate takes
place (elongation regime). The activation step is governed by a
dimensionless equilibrium constantKa.
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Our model, which is based on temperature-dependent spec-
troscopic measurements, allows us to characterize the self-
assembly processes of any system in detail and not only for the
particularπ-conjugated oligomer described above. The model
will provide information on the degree of cooperativity, the
enthalpy release during self-assembly, and the stack growth and
length. To explore the generality of cooperative self-assembly,
we have now studied with our model the self-assembly
mechanisms of C3-symmetrical trialkylbenzene-1,3,5-tricar-
boxamides, that is, chiral (R)-1 and achiral2 (Scheme 1), one
of the simplest and most studied building blocks in self-
assembly.21-39 On the basis of temperature-dependent UV-vis
and circular dichroism (CD) spectroscopy measurements, we
found that discotic molecules (R)-1 and221,40both self-assemble
in a highly cooperative fashion. Furthermore, to be able to use
the modified Oosawa-Kasai model,41 we have simplified our
modeling procedures to fit the temperature-dependent spectros-
copy data and made our model generally applicable for
researchers active in the field of self-assembly. Finally, we
investigated the mechanisms of the “sergeants-and-soldiers”

principle,21 where we observed that the chiral sergeant (R)-1
strongly amplifies the preference in handedness of the mixed
stacks of (R)-1 and2. Next to that, we found that at room tem-
perature the sergeants-and-soldiers present is fully installed on
the time scale of seconds, suggesting there is a rapid exchange
between molecules and stacks of sergeant (R)-1 and soldier2.

Results

Self-assembly in Solution followed by CD Spectroscopy.
The self-assembly of chiral (R)-1 was first investigated with
temperature-dependent CD spectroscopy measurements in dilute
heptane solution (Figure 1A). Upon cooling the solution, the
appearance of a bisignated Cotton effect with a positive value
at higher wavelength (223 nm) could be observed, which is in
agreement with earlier reports and indicative of the formation
of right-handed chiral helical columnar aggregates.21,42To study
the self-assembly of (R)-1 in helical aggregates in detail, we
monitored the molar ellipticity at 223 nm, while cooling
solutions with different concentrations from 363 K (where (R)-1
is in the molecular dissolved state, vide infra) to 293 K. In this
way, the appearance of a CD signal could be directly related to
the formation of helical aggregates (Figure 1B). To ensure that
self-assembly was under thermodynamic control, a slow cooling
rate of -1 K‚min-1 was applied. For this cooling rate no
hysteresis in the molar ellipticity was observed when heating
the solution again to 363 K. In addition, slower cooling rates
did not affect the melting curves. Also during all CD measure-
ments no linear dichroism as a result of unintended convective
flow was observed.43

The melting curves obtained for (R)-1 (Figure 1B) are clearly
not sigmoidal, which is indicative of a cooperative self-assembly
process. To analyze the temperature-dependent data, we applied
the nucleation-elongation model, which describes the coopera-
tive assembly of molecules in linear, one-dimensional ag-
gregates.41 To model the data we simplified our modeling
procedures.44

In the elongation regime the fraction of aggregated molecules,
φn, is given by the following equation:45
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Scheme 1. Structure of C3-Symmetrical Chiral Discotic (R)-1 and Its Achiral Analogue 2 (Left) and a Representation of the C3-Symmetrical
Disc Arranged in a Helical Stack (Right)

φn ) φSAT(1 - exp[ - he

RTe
2

(T - Te)]) (1)
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wherehe is the molecular enthalpy release due to noncovalent
interactions during elongation,T is the absolute temperature,
Te is the elongation temperature andR is the gas constant.φSAT

is introduced as a parameter to ensure thatφn/φSAT does not
exceed unity.46 At temperatures above the elongation temper-
atureTe (i.e., the nucleation regime) the fraction of aggregated
molecules is described by45

where Ka is the dimensionless equilibrium constant of the
activation step atTe.

The average length of the stack,〈Nn(Te)〉, averaged over the
nucleated species, at the elongation temperature is given by

Hence, a higher degree of cooperativity is expressed in a smaller
Ka value and will lead to a larger nucleus before elongation
sets in.

In the elongation regime the number-averaged degree of
polymerization, averaged over all active species,〈Nn〉, is given
by

Using eq 1 the elongation regime of the normalized molar
ellipticity data (i.e., for temperatures belowTe) could be fitted
accurately using a simplified modeling procedure (Table 1,
Figure 1C-D).44 No deviations in the data from the model were
observed at low temperatures, indicating that over the whole
temperature range only linear, one-dimensional growth of the
stacks has occurred. A decrease inTe upon lowering the
concentration of (R)-1 was observed, and an enthalpy value of
-60 kJ‚mol-1 was determined which was independent of the
concentration. Plotting the natural logarithm of the concentration
versus the reciprocalTe (Van’t Hoff plot44) yielded an enthalpy
of -66 kJ‚mol-1 which is in good agreement with the value as
derived from modeling the melting curves. A sharp transition
in the molar ellipticity aroundTe, was observed, indicative of a
high degree of cooperativity in the self-assembly process. This
high degree of cooperativity is also reflected in the small value
of Ka, the equilibrium constant of the nucleation step, which
was determined to be smaller than 10-6 (Table 144). Using eq
3, the average stack length atTe is at least 100 molecules,

(46) As the degree of normalization cannot exceed unity,φn/φSAT should be
considered as the real degree of aggregation andφn could be regarded as
the uncorrected degree of aggregation.

Figure 1. CD spectra of (R)-1 in heptane (1.4× 10-5 M) at temperatures between 20 and 90°C with 10°C intervals (arrow indicates increasing temperature).
Inset shows the molar ellipticity at 223 nm as a function of temperature for the same solution (A). Molar ellipticity at 223 nm (B), normalized degree of
aggregation (C), and degree of aggregation with fitted (red line) elongation regime using eq 2 (D) as a function of temperature for solutions of (R)-1 in
heptane, for different concentrations. In panel D the curves are shown with a 0.25 offset for each next concentration and as a function of the normalized
temperatureT/Te. Concentrations: 3.8× 10-5 M (black open square), 2.1× 10-5 M (cyan open circle), 1.7× 10-5 M (green open triangle pointing up),
1.2 × 10-5 M (blue open triangle pointing down).

φn ) Ka
1/3 exp[(2/3Ka

-1/3 - 1)
he

RTe
2
(T - Te)] (2)

〈Nn(Te)〉 ) 1

Ka
1/3

(3)

〈Nn〉 ) 1

xKa

φn

φSAT - φn
(4)
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suggesting that a relatively large nucleus needs to be formed
before activation to a stable chiral stack will occur. The high
cooperativity implies that, according to eq 4, the length of the
stacks of (R)-1 is over 10000 molecules at room temperature.44

Self-Assembly in Solution Followed by UV-Visible Spec-
troscopy.To study the self-assembly behavior of achiral discotic
2 and to compare this behavior with the self-assembly of chiral
(R)-1, aggregation of (R)-1 and2 in dilute solution was further
investigated with temperature-dependent UV-vis spectroscopy
measurements in heptane (Figure 2A-B). For both compounds
(R)-1 and2 at 90°C (for concentrations between 1× 10-5 and
5 × 10-5 M in heptane), an UV-vis absorption maximum was
observed at 208 nm, which corresponds to the UV-vis
absorption spectra in acetonitrile at room temperature in which
(R)-1 and2 are molecularly dissolved species.44 Upon cooling,
a hypsochromic shift took place and the absorption maximum
shifted to 193 nm, indicating the formation of a H-type of
aggregates,47 which is in agreement with the helical, columnar
structure determined for a similar benzene-1,3,5-tricarboxamide
by X-ray diffraction.23

We followed the self-assembly of (R)-1 or 2 into aggregates,
for different concentrations, by monitoring the UV-vis absorp-
tion at one wavelength as a function of temperature with a
cooling rate of-1 K‚min-1 (Figure 2C,D). The change in UV-
vis absorption as a function of temperature for both (R)-1 and
2 showed a similar transition as was observed for the temper-
ature-dependent molar ellipticity of (R)-1, indicating that the
self-assembly process of (R)-1 and2 could also be modeled by
the nucleation-elongation self-assembly model. Normalizing
the temperature-dependent UV-vis absorption data, allowed us
to model the elongation regime of the self-assembly process
(Figure 2E,F, Table 1). For discotic (R)-1, a value of-57
kJ‚mol-1 was found for the enthalpy,he, which is in agreement
with the value found based on the CD data. Furthermore, the
Te determined from the UV-vis data also corresponded with
the value obtained from the CD data, revealing that both CD
and UV-vis spectroscopy are probing the same self-assembly
process in which (R)-1 forms helical stacks without an inter-
mediate nonhelical state. For discotic2, an enthalpy of-69
kJ‚mol-1 was determined, which is close to the value of-75

kJ‚mol-1 determined from the Van’t Hoff plot.44 Remarkably,
these values are comparable to the earlier reported values for
the structurally different oligo(p-phenylene vinylene) derivative
(at 4.8× 10-5 M, we found aTe of 338 K and anhe of -100
kJ‚mol-1).20 For both (R)-1 and 2 the enthalpy value was
independent of concentration. The achiral discotic2 was also
found to aggregate at higher temperatures compared to its chiral
analogue (R)-1, indicating that2 forms more stable stacks, which
is probably related to the branched side chains present in (R)-
1. However, it should be noted that the difference is relatively
small: at a concentration of (1.7-1.8)× 10-5 M, theTe values
are 343.1 and 346.3 K while the enthalpies are-58.7 and-69.8
kJ‚mol-1 for (R)-1 and2, respectively. This strongly suggests
that 2 is also present in helical stacks, similar to (R)-1, only
now in equal quantities of M and P helices, resulting in no net
CD effect. For solutions of2 at low temperatures, the UV-vis
absorption started to show a small increase again, suggesting
that a second process started to occur, which can probably be
attributed to lateral aggregation (Figure 2D). This process is
also visible in Figure 2F where at low temperatures the data
started to deviate from the values predicted by the nucleation-
elongation model. Also here no linear dichroism was observed.

A difference in the self-assembly behavior of (R)-1 and2 is
also visible at temperatures close toTe, in the region where
nucleation takes place. For discotic2, the onset in the degree
of aggregation,φn, aroundTe, is more gradual compared to (R)-
1, indicating a lower degree of cooperativity. Consequently, for
2 it was possible to model the nucleation regime aroundTe with
eq 2 to determine the equilibrium constantKa.44 The value for
Ka was found to be dependent on the concentration; for the
highest concentration (4.2× 10-5 M) a value of 1.6× 10-4

for Ka was determined, which decreased to 0.6× 10-4 for the
lowest concentration (1.8× 10-5 M). At room temperature,
stacks of2 are shorter than stacks of (R)-1 owing to the lower
degree of cooperativity in the former case.44 Based on eq 4,
average stack lengths at room temperature of 10000 and 1000
are predicted for (R)-1 and 2, respectively. Currently we are
determining the stack length and the size of the nucleus by small
angle neutron scattering (SANS) and light scattering techniques.

These results show that although (R)-1 and2 are structurally
very similar and they both self-assemble in a cooperative
fashion, there is a considerable difference in the degree of
cooperativity between the two discotics. The introduction of
chirality in the molecules when going from achiral2 to chiral
(R)-1 was found to have a significant effect in the self-assembly
process of the discotics, as is reflected in the differentKa value,
enthalpy value, and stability of the stacks for the two discotics.

The fact that these simple building blocks self-assemble via
a cooperative mechanism suggests that this mechanism com-
monly operates in synthetic self-assembled systems. However,
most self-assembled systems reported so far in literature, are
described by an isodesmic model. We are currently investigating
the mechanisms of other self-assembled systems developed in
our group.

Mixed Systems.With our new understanding of the self-
assembly process of the chiral and achiral discotics (R)-1 and
2, respectively, we further investigated mixed systems of (R)-1
and2 to understand the sergeants-and-soldiers principle that we
have reported earlier.21 Therefore solutions of sergeant (R)-1
and soldier2 in heptane, in which the fraction of (R)-1 was

(47) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. A.Pure Appl. Chem.1965, 11,
371-392.

Table 1. Thermodynamic Parameters for the Self-Assembly of
Solutions of Different Concentrations of (R)-1 or 2 in Heptane,
Determined by Modeling the Temperature-Dependent
Spectroscopy Data

discotic method
concentration

(M) φSAT

he

(kJ‚mol-1)
Te

(K) Ka 〈Nn(Te)〉

(R)-1 CD 3.8× 10-5 1.018 -60.1 353.8 e10-6 a g100
2.1× 10-5 1.039 -60.7 345.9 e10-6 a g100
1.7× 10-5 1.043 -59.2 342.9 e10-6 a g100
1.2× 10-5 1.077 -59.5 336.6 e10-6 a g100

UV-vis 3.8× 10-5 1.026 -57.6 354.1 e10-6 a g100
2.1× 10-5 1.047 -57.6 345.9 e10-6 a g100
1.7× 10-5 1.053 -58.7 343.1 e10-6 a g100
1.2× 10-5 1.074 -55.3 337.2 e10-6 a g100

2 UV-vis 4.2× 10-5 1.049 -66.7 361.8 1.6× 10-4 18
3.5× 10-5 1.046 -69.6 356.5 1.1× 10-4 21
2.2× 10-5 1.042 -69.9 350.0 0.9× 10-4 22
1.8× 10-5 1.046 -69.8 346.3 0.6× 10-4 26

a No exact value forKa could be determined because of its small value,
which allowed us only to estimate an upper value.
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changed while keeping the total concentration of (R)-1 and2
constant (2.1× 10-5 M), were heated to 353 K to obtain the
molecularly dissolved state. During the slow cooling of the
mixtures, the UV-vis absorption and molar ellipticity were
monitored. After addition of only 4% of sergeant (R)-1 all
columns had gained the same handedness as columns exclu-
sively consisting of sergeant (R)-1 (Figure 3A). This amplifica-
tion of chirality is similar as reported earlier for this system.21

With our new method we are now able to investigate in more
detail the effects on mixing at the elongation temperature and
cooperativity of the mixed systems. Although the maximum CD
intensity is already reached after addition of 4% of sergeant,

the enthalpy (he), elongation temperature (Te) and theKa value
all depend linearly on the fraction of sergeant, at least in the
regime where the CD intensity is saturated. (Figure 3A,B).44

These results reveal that during the self-assembly of mixtures
of (R)-1 and2, while cooling, no chiral amplification is observed
in the thermodynamic parameters of the self-assembly. This
suggests that the sergeant (R)-1 is randomly incorporated in the
growing stacks of2 and vice versa, which is due to the similarity
in structure and the relatively small differences in thermody-
namic parameters of (R)-1 and2.

To investigate also the kinetics involved in the sergeants-
and-soldiers principle we added at room-temperature 100µL

Figure 2. UV-vis absorption spectra of (R)-1 in heptane (1.4× 10-5 M, A) and 2 in heptane (3.5× 10-5 M, B) at temperatures between 20 and 90°C
with 10 °C intervals (arrow indicates increasing temperature). UV-vis absorption at 223 nm48 for (R)-1 (C) and2 (D) and degree of aggregation with fitted
(red line) elongation regime using eq 2 for (R)-1 (E) and2 (F) as a function of temperature for solutions of (R)-1 or 2 in heptane, for different concentrations.
In panels E and F the curves are shown with a 0.25 offset for each next concentration as a function of the normalized temperatureT/Te. Concentrations for
(R)-1: 3.8 × 10-5 M (black open square), 2.1× 10-5 M (cyan open circle), 1.7× 10-5 M (green open triangle pointing up), 1.2× 10-5 M (blue open
triangle pointing down). Concentrations for2: 4.2 × 10-5 M (black open square), 3.5× 10-5 M (cyan open circle), 2.2× 10-5 M (green open triangle
pointing up), 1.8× 10-5 M (blue open triangle pointing down).
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of a 2.1× 10-5 M solution of sergeant (R)-1 in heptane to 2.4
mL of a 2.1× 10-5 M solution of soldier2 in heptane, while
continuously monitoring the molar ellipticity. Remarkably, the
molar ellipticity reached its final value in about 60 s, which
was equal to the value observed previously for the 4/96 sergeant/
soldier mixture. This fast exchange is in strong contrast with
our oligo(p-phenylene vinylene) derivatives, in which the
exchange rate was probed by energy transfer processes. In the
latter case the exchange occurred on a time scale of days.20,49,50

At room-temperature both (R)-1 and2 are present in solution
in long helical stacks. Apparently, at this temperature there is
a rapid exchange of components between stacks of (R)-1 and
2. Also the interconversion, between M or P helicity in stacks
of 2, must be a fast process, to account for the observed rapid
kinetics for the sergeant-and-soldiers principle. The exact
mechanisms that describe the observed rapid kinetics on the
one hand and the strong preference for one helicity in the
presence of (R)-1 on the other hand are part of ongoing research.
Since the sergeants-and-soldiers principle can be considered as
a two component system, these findings will have important
consequences for the design of noncovalent routes toward self-
assembled multicomponent objects.

Conclusion

We have described in this article the non-isodesmic, coopera-
tive self-assembly of C3-symmetrical discotic molecules (R)-1
and2. With our nucleation-elongation model we were able to
characterize all the thermodynamic parameters in the self-
assembly process. The cooperative self-assembly mechanism
observed for these simple and widely studied building blocks
suggests that this mechanism operates more commonly in
synthetic self-assembled systems. Currently we are studying
other self-assembled systems by temperature-dependent optical
measurements to get insight in why some systems self-assemble
via an isodesmic model and others via a cooperative model.
Furthermore, we are characterizing the stages in the self-
assembly process by complementary techniques, such as SANS
and light scattering.

With the nucleation-elongation model we also could inves-
tigate the sergeants-and-soldiers principle that has been reported
for (R)-1 and2. Our observation that the sergeants-and-soldiers
principle is a rapid process has important consequences for the
design of noncovalent routes toward self-assembled multicom-
ponent objects. In addition it illustrates that sergeant-and-soldiers
experiments are a nice tool to investigate the dynamics in self-
assembled systems.
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Figure 3. Molar ellipticity at 223 nm, elongation temperature,Te (A), enthalpy releasehe and equilibrium constantKa (B) for different sergeant/soldier
mixtures. Molar ellipticity at 223 nm as a function of time, when att ) 0 100µL of a 2.1× 10-5 M solution of sergeant (R)-1 in heptane was added to 2.4
mL of a 2.1× 10-5 M solution of soldier2 in heptane (C).
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