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Coil ± ring ± coil block copolymers
aggregate in cyclohexane to give
supramolecular hollow cylinders.
Find out more on the following pages.
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Molecular self-assembly of relatively small, well-defined
molecules to complex structures by noncovalent interactions
is well known and often found in nature.[1] Considerable effort
has been given not only in the investigation and understand-
ing of the basic principles and driving forces in self-organizing
systems but also in the design of structures which imitate the
complexity of these systems.[2] One of the most intensively
studied natural supramolecular systems is the hollow cylin-
drical-shaped tobacco mosaic virus (TMV) formed by self-
assembly of the constituent protein subunits and the viral
RNA.[3] Synthetic supramolecular architectures based on
gallic acid derivatives have been prepared and indeed show
superstructures which are very similar to the natural model.[4]

In addition, cylinders having a lumen, as the virus, have also
been described. Based on cyclopeptides or cyclosaccharides,
the driving force for the aggregation are specific interactions,
such as hydrogen bonding donors and acceptors.[5]

Recently, we synthesized functionalized shape-persistent
macrocycles, that should also be suitable building blocks for
the formation of nanoscale hollow cylinders. An objective of
this study is to facilitate aggregate formation through non-
specific interactions, opposite to the macrocycles mentioned
above (for example, solvophobic effects and shape comple-

mentarity). For this purpose, side groups that are incompat-
ible with the cyclic backbone of the ring are attached to the
macrocycle to induce (in a suitable solvent) microphase
segregation and aggregation into cylindrical objects. Previous
work in our group[6] has shown that the aggregation behavior
of oligoalkyl-substituted shape-persistent rings is strongly
solvent dependent.[7] For example, in solvents which act as
good solvents for the rigid core and the flexible corona (such
as CH2Cl2), no aggregation was observed. By adding a solvent
which can solubilize only the alkyl corona but not the rigid
core (for example n-hexane), a solvophobic aggregation of the
structures (Kdim� 130mÿ1 in hexane/CH2Cl2 (3/1); 790mÿ1 in
hexane/CH2Cl2 (6/1)) can be induced. However, with this
approach we cannot observe larger aggregation constants by
further decreasing the solvent polarity of the solvent mixture,
since the connection of twelve dodecyl groups is still not
sufficient to keep the materials in solution. Herein, a simple
method is described to overcome this solubility problem by
attaching short, non-crystallizable oligomeric side groups to
the ring.

The central block of the target structures 1 is the macro-
cycle 2, which has been obtained in good yield by oxidative
Glaser coupling of the appropriate bisacetylene.[8] Onto the
macrocycle, narrowly distributed (Mw/Mn< 1.1) polystyrene ±
carboxylic acid oligomers[9] (3 a ± e) of different molecular
weights (Mw� 1000 (3 a), 1500 (3 b), 2500 (3 c), 3500 (3 d),
5000 gmolÿ1 (3 e)) have been attached through carbodiimide
coupling (Scheme 1) in good yields (70 ± 90 %).[10]

The resulting structures can be described as coil ± (rigid)-
ring ± coil block copolymers, a subclass of rod ± coil block
copolymers, that are known to microphase separate to well-
ordered superstructures, even at relatively small block
sizes.[2, 11]

The block copolymers described here are readily soluble in
chloroform, dichloromethane, THF, and toluene at room
temperature, and 1 b ± e in warm cyclohexane.[12] Upon cool-
ing, 1 b forms a gel at concentrations above 0.5 wt%, 1 c
rapidly forms a very viscous solution, and 1 d forms a similar
viscous solution after some days. These solutions are also
strongly birefringent (Figure 1).[13] The exceptions are

[*] Dr. S. Höger, S. Rosselli, A.-D. Ramminger, T. Wagner, B. Silier,
Dr. S. Wiegand, Dr. W. Häuûler, Dr. G. Lieser, V. Scheumann
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (�49) 6131-379-100
E-mail : hoeger@mpip-mainz.mpg.de

O
OH

O
HO

COOH

O

O

O

O
O

O

n

3a,  Mw = 1000 g mol-1;
  3b,  Mw = 1500 g mol-1; 3c, Mw = 2500 g mol-1;
 3d,  Mw = 3500 g mol-1; 3e, Mw = 5000 g mol-1

Diisopropylcarbodiimide
DMAP, p-TsOH

CH2Cl2

2 1 a-e

n

n

+

Scheme 1. Synthesis of coil ± (rigid)ring ± coil block copolymers 1a ± e. DMAP� 4-dimethylaminopyridine; p-TsOH� p-toluene sulfonic acid.
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Figure 1. Texture of 1c in cyclohexane between crossed polarizers (2 wt %;
at the edges of the cover glass).

solutions of 1 e, which are neither very viscous nor birefrin-
gent.

These observations can be explained by the different
solubility of the rigid cyclic block and the flexible polystyrene
(PS) blocks of the copolymer. Cyclohexane is a solvent for PS
but, in contrast to THF or toluene, a nonsolvent for the
unsubstituted macrocycle 2. The attachment of the polymeric
side groups, even of relatively low molecular weight, is
sufficient to solubilize the block copolymer in cyclohexane at
elevated temperatures. However, upon cooling, the rigid parts
of the block copolymer aggregate if the size of the coiled
blocks is below a certain level. As expected, extension and
aggregation kinetics strongly depend on the size of the PS
block. Due to the structure of the block copolymers, the
aggregation should lead to the formation of rodlike objects
with large aggregate numbers, thereby reducing the contact
surface of the rigid cyclic unit with the solvent.[14] In order to
support this assumption, the aggregation behavior of 1 c was
investigated in more detail. Dynamic light scattering (DLS)
was performed on solutions of 1 c in toluene and cyclohexane.
The distribution of the relaxation times in the autocorrelation
functions were obtained by CONTIN analysis.[15] In toluene
(0.11 wt %), only one maximum that corresponds to a hydro-
dynamic radius of approximately 2 nm is found, which
correspond to the size of a simple block copolymer molecule
1 c. In contrast, the light scattering data in cyclohexane at the
same concentration showed the formation of more complex
structures. The elaboration of the measured autocorrelation
function resulted in a distribution of relaxation times that
contain two maxima, one at a hydrodynamic radius of
approximately 2 nm, the other at approximately 60 nm (Fig-
ure 2 a).

Concentration-dependent measurements showed that the
fraction of the larger species in solution increases with
increasing concentration.[16] The angular dependence of the
scattered light intensity of the larger objects (Figure 2 b)
suggested the presence of rodlike objects (linear increase of
the Kratky plot) with a ªvirtualº persistence length, a measure
of the rigidity, of more than 100 nm.[17] The total length of the
objects varies between 250 and 1300 nm, whereby a hydro-
dynamic radius of 60 nm corresponds to a rod length of
approximately 500 nm.[18]

The diameter of these cylindrical objects was determined by
ultra small angle X-ray scattering (USAXS) and small angle
X-ray scattering (SAXS) in cyclohexane at 2 wt % (Figure 3).

Figure 2. a) CONTIN fit of DLS-derived distributions of 1c in toluene
(- - - -) and in cyclohexane (ÐÐ) at a concentration of 0.11 wt %; b) Kratky
plot for the slow mode of 1c in cyclohexane (&) at a concentration of
0.09 wt % and linear data fit (ÐÐ). Rh� hydrodynamic radius; Itot� total
intensity; q� scattering vector.

Figure 3. USAXS (&) and SAXS (*) data of a 2.0 wt % cyclohexane
solution of 1c. The lines represent the form factor for a solid cylinder (- - - -)
with an external diameter of 10� 3.8 nm, and for a hollow cylinder (ÐÐ)
with an external diameter of 10� 3.8 nm and an internal diameter of 1.8�
0.5 nm. I� total intensity; q� scattering vector.

The description of the measured data was not possible by
using a simple solid cylinder model (showing an abrupt radial
electron density change) of any length or thickness.[19] There-
fore, a model was used that describes the electron density
profile on the outside of the cylinder more accurately. The
different length of the oligomeric PS chains and the radial
decrease of the cylinder density was taken into account by
giving the cylinder a polydispersity in the diameter. Since
variations in the cylinder length do not change the form factor
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at all, it was set to 500 nm in accordance with the average
object length determined by the light scattering. The calcu-
lated form factor of a solid cylinder of mean polydisperse
diameter 10 nm (dout� 10 nm, polydispersity 3.8 nm, half
width at half maximum of a Gaussian distribution) agrees
with the observed data at low q values. However, the observed
scattering intensity is remarkably higher than the theoretical
prediction in the q range between 1 and 2 nmÿ1 and it was not
possible to adjust the theoretical form factor to the exper-
imental data, neither by variation of the cylinder diameter nor
its polydispersity. Only the use of a radial density profile with
a reduced electron density inside the cylinder resolved this
discrepancy. The calculated form factor of a cylinder with the
same electron density profile on the outside as described
before and with an additional reduced electron density on the
inside (hollow diameter dinner� 1.8 nm, polydispersity 0.5 nm,
half width at half maximum of a Gaussian distribution) fits
with the observed data over the whole q range.[20] The
scattering data undoubtedly show that the coil ± ring ± coil
block copolymers aggregate in solution into hollow cylinder-
shaped objects with a high virtual persistence length.

Further evidence of the existence of these
supramolecular cylinders was obtained by imag-
ing methods applied to solid samples prepared
under nonequilibrium conditions.[21] The trans-
mission electron micrograph (TEM) of a sample
obtained by freeze drying a cyclohexane solu-
tion (Pt/C shadowed film) shows ribbons of
different width at the sample surface, the
narrowest in the range of approximately 15 nm
(Figure 4 A).

Figure 4. A) TEM: C/Pt shadowed film obtained by freeze drying a
0.15 wt % cyclohexane solution of 1 c ; B) AFM (amplitude picture, 1.5�
1.5 mm2): Film obtained by dipping mica into a 0.15 wt % cyclohexane
solution of 1 c.

Atomic force microscopy (AFM) images of a block
copolymer film obtained by dipping mica into a cyclohexane
solution of 1 c show long bundles of two or three cylindrical
aggregates, together with individual aggregates (Fig-
ure 4 B).[22] Taking in consideration the width of the AFM
tip, the cylindrical units have a diameter of approximately
10 ± 20 nm. The dimensions of the aggregates obtained by
TEM and AFM correspond well with the molecular dimen-
sions obtained by the scattering methods and are in accord-
ance with the molecular dimensions of the molecular building
blocks.[23] Even the most curved cylindrical objects found in
the AFM images (Figure 4 B, black arrow) show a large radius
of curvature indicating their rigid nature.

The correspondence of our aggregates with covalently
linked polymer brushes[24] suggests a description of them as
supramolecular hollow cylindrical brushes (Figure 5).

The results shown here demonstrate that coil ± ring ± coil
block copolymers can aggregate into hollow cylinderlike
objects by a combination of shape complementarity and
demixing of rigid and flexible polymer parts (namely by
nonspecific interactions). This is opposite to most of the

previously reported tubular superstructures, where attractive
forces induce the self-assembly. Since this approach bears the
possibility to organize functionalized macrocycles while
leaving the functional groups of the ring ªfreeº, it opens a
new entry to intra-annular functionalized rods. In other words,
the functional groups do not have to be used to organize the
macrocycles, but the formation of the superstructure is used to
organize the functional groups.
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Figure 5. Schematic representation of the aggregation of the block copolymers into hollow
cylindrical brushes. The PS block is the corona (orange) and the rigid ring is located in the
core (blue) (not in scale).
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The explosion in information regarding protein sequence
and structure demands new computational tools for the direct
inference of protein function. The molecular function of
proteins is almost invariably linked with the specific recog-
nition of substrates and endogenous ligands in given binding
pockets; proteins of related function should therefore share
comparable recognition pockets. We have developed a new
approach that is based on the placement of physicochemical
descriptors assigned to the exposed binding-site residues. The
deduced property descriptors can be used to retrieve common
sub-structures and, thereby, related binding pockets. The
solutions obtained are scored by comparing similarly exposed
surface patches assigned to the same property, thus allowing
detection of functional relationships among proteins inde-
pendent of a particular sequence or fold homology.

The sequencing of the human genome represents only the
first step toward understanding the functional and structural
interplay of proteins in biological systems. Through methodo-
logical developments in ªstructural genomicsº, such as high-
throughput X-ray crystallography,[1] we will be increasingly
confronted with 3D structures of proteins whose actual
biochemical function has yet to be assigned. In addition,
structure prediction and homology modeling techniques
might mature to a state where the overall protein geometry
can be predicted correctly from sequence.[2] Thus, methods to
infer protein function from 3D structure are desperately
required. Since protein function is not necessarily confined to
a particular fold or vice versa,[3] this assignment is by no
means straightforward.

Nepogodiev, J. F. Stoddart, D. J. Williams, Angew. Chem. 1997, 109,
1617; Angew. Chem. Int. Ed. Engl. 1997, 36, 1451.

[6] S. Höger, K. Bonrad, A. Mourran, U. Beginn, M. Möller, J. Am. Chem.
Soc. 2001, 123, 5651.

[7] a) J. Zhang, J. S. Moore, J. Am. Chem. Soc. 1992, 114, 9701; b) A. S.
Shetty, J. Zhang, J. S. Moore, J. Am. Chem. Soc. 1996, 118, 1019; c) Y.
Tobe, N. Utsumi, K. Kawabata, K. Naemura, Tetrahedron Lett. 1996,
37, 9325; d) Y. Tobe, N. Utsumi, A. Nagano, K. Naemura, Angew.
Chem. 1998, 110, 1347; Angew. Chem. Int. Ed. 1998, 37, 1285; e) S.
Tanikawa, J. S. Moore, Polym. Prepr. (Am. Chem. Soc. Div. Polym.
Chem.) 1999, 40(2), 169; f) S. Lahiri, J. L. Thompson, J. S. Moore, J.
Am. Chem. Soc. 2000, 122, 11 315.

[8] a) S. Höger, J. Polym. Sci. Part A: Polym. Chem. 1999, 37, 2685;
b) M. M. Haley, J. J. Pak, S. C. Brand, Top. Curr. Chem. 1999, 201, 81;
c) P. Siemsen, R. C. Livingston, F. Diederich, Angew. Chem. 2000, 112,
2740; Angew. Chem. Int. Ed. 2000, 39, 2632.

[9] J. C. M. van Hest, D. A. P. Delnoye, M. W. P. L. Baars, C. Elissen-
RomaÂn, M. H. P. van Genderen, E. W. Meijer, Chem. Eur. J. 1996, 12,
1616.

[10] J. S. Moore, S. I. Stupp, Macromolecules 1990, 23, 65.
[11] a) H. Kukula, U. Ziener, M. Schöps, A. Godt, Macromolecules 1998,

31, 5160; b) M. Lee, B.-K. Cho, H. Kim, W.-C. Zin, Angew. Chem.
1998, 110, 661; Angew. Chem. Int. Ed. 1998, 37, 638; c) L. H.
Radzilowski, S. I. Stupp, Macromolecules 1994, 27, 7747; d) D.
Marsitzky, T. Brand, Y. Geerts, M. Klapper, K. Müllen, Macromol.
Rapid Commun. 1998, 19, 385; e) M. A. Hempenius, B. M. W.
Langeveld-Voss, J. A. E. H. van Haare, R. A. J. Janssen, S. S. Sheiko,
J. P. Spatz, M. Möller, E. W. Meijer, J. Am. Chem. Soc. 1998, 120, 2798.

[12] 1a forms under the same conditions a suspension.
[13] The systems presented here do not have thermotropic liquid

crystalline characteristics. However, polysiloxane-substituted rings
show this behavior: S. Höger, S. Rosselli, unpublished results.

[14] a) H. Hoffmann, G. Hebert, Angew. Chem. 1988, 100, 933; Angew.
Chem. Int. Ed. Engl. 1988, 27, 902; b) D. J. Abdallah, R. G. Weiss, Adv.
Mater. 2000, 12, 1237.

[15] CONTIN is a general purpose constrained-regularization program for
inverting noisy linear algebraic and integral equations: S. W. Pro-
vencher, Comput. Phys. Commun. 1982, 27, 229; S. W. Provencher,
Makromol. Chem. 1979, 180, 201.

[16] The concentrations of the samples analyzed were 0.05, 0.093, and
0.113 wt. %.

[17] The persistence length l is a measure for the stiffness of the polymer,
and is defined as hcos q(s)i� exp(ÿ s/l), with contour length s. In the
case of a supramolecular aggregate, the calculation using the formula
above leads to the ªvirtualº persistence length. For comparison, the
persistence length of simple synthetic polymers is less than 1 nm,
whereas the persistence length of DNA is in the range of 100 nm;
A. Y. Grosberg, A. R. Khokhlov, Giant Molecules, Academic Press,
London, 1997.

[18] For the estimation of the rod length L from Rh, the relation
1/

���
3
p

(ln (L/d)� 0.38) was used (valid for a rodlike object of length L
and diameter d). In our case we assume that d�L because of the high
value of Rh. If the ratio L/d is about 40, the ratio Rg/Rh� 2.34 can be
used. With R2

g�L2/12 follows L� [12(2Rh)2]1/2 ; a) M. Schmidt, W. H.
Stockmayer, Macromolecules 1984, 17, 509; b) H.-G. Elias, Makro-
moleküle, Bd. 1, Hüthig & Wepf, Basel, 1990.

[19] All form factors of cylindrical objects without polydispersity in the
diameter exhibit pronounced oscillations in the investigated q range.

[20] The fit function is given by the expression (1).

Zp2
0

ZRa � Ri

2

0

Z1
Ra � Ri

2

�f4raj1�qrasin�a�� ÿ 4rij1�qri sin�a��g sin�qlcos�a=2��=

fqsin�a�qlcos�a��r2
a ÿ r2

i �g�2 sin�a�
exp�ÿ�ra ÿ Ra�2=�2Dr2

a� ÿ �ri ÿ Ri�2=�2Dr2
i �� dra dri da

(1)

[] A better fit is obtained by a more sophisticated electron density
profile in the range 2< d< 4 nm. However, a precise analysis of the
electron density requires more accurate scattering data.

[21] Preliminary investigations show that solid samples obtained from
solution by very slow solvent evaporation (ªequilibrium conditionsº)

form different superstructures, indicating that the solution studies
cannot be transferred to the morphology in the solid state.

[22] At the same time some of the block copolymer forms an undulating
background structure on the mica.

[23] a) S. Höger, V. Enkelmann, Angew. Chem. 1995, 107, 2917; Angew.
Chem. Int. Ed. Engl. 1995, 34, 2713; b) S. Höger, V. Enkelmann, K.
Bonrad, C. Tschierske, Angew. Chem. 2000, 112, 2355; Angew. Chem.
Int. Ed. 2000, 39, 2268.

[24] a) P. Dziezok, S. S. Sheiko, K. Fischer, M. Schmidt, M. Möller, Angew.
Chem. 1997, 109, 2894; Angew. Chem. Int. Ed. Engl 1997, 36, 2812;
b) A. D. Schlüter, J. P. Rabe, Angew. Chem. 2000, 112, 860; Angew.
Chem. Int. Ed. 2000, 39, 864.

[*] Prof. Dr. G. Klebe, Dr. S. Schmitt, Dr. M. Hendlich
Philipps-Universität Marburg
Institut für Pharmazeutische Chemie
Marbacher Weg 6, 35032 Marburg (Germany)
Fax: (�49) 6421-282-8994
E-mail : klebe@mailer.uni-marburg.de


