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Self-assembly is a major construction principle in nature
and takes advantage of specific non-covalent interactions
between custom-designed building blocks.[1] The size as well
as the shape of these building blocks is crucial for the resulting assembly structure[2] and impressive examples of superstructure formation have been reported over the years.[3] In
this context, shape-persistent scaffolds, in particular large
(hetero)aromatic discs[4] and macrocycles[5] have been very
attractive building blocks owing to their high tendency to
form cofacial aggregates, that is, p-stacks,[6] either in solution
or in the bulk, for example in discotic liquid crystalline
phases. While these structures are rendered rigid by strong
covalent bonds giving rise to annelated or macrocyclic systems, an alternative approach to construct objects with a defined conformation and hence shape relies in the use of
non-covalent bonds between neighboring repeat units. Such
foldamers[7] have been heavily investigated in the context of
designing three-dimensional, mostly helical structures but
can also lead to flat two-dimensional structures such as
tapes.[8] Introducing regular branching into these folded
tapes gives rise to an extension to molecular discs and hence
2D, ideally shape-persistent, folded dendrimers.[9] This approach to construct large molecular discs constitutes a noncovalent version of the covalent annelation approach of
Mllen and co-workers to nanographenes, which are accessed via planarization of 3D dendritic precursors.[10] The
great advantage of the folded dendrimer structure is its possible shape change in response to chemical stimuli and the
ease of tuning size and amount of peripheral substitution by
varying the generation.[11] In recent years, we[12] and
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others[13] have successfully utilized click chemistry[14] to prepare triazole connected pyridines that adopt either helically
folded or zigzag tape structures. By connecting the 2,6bis(1,2,3-triazol-4-yl)pyridine (BTP) moieties not in a linear
fashion but using them as branch points this folding motif
can be utilized to construct the desired dendrimer discs.
Herein, we report on the synthesis and characterization of
these 2D amphiphilic shape-persistent folded dendrimers
and their thermosensitive self-assembly behavior in water.[15]
To efficiently construct the target dendrimer structures,
a convergent synthetic route[16] was devised (Scheme 1). In
our synthesis 2,6-diethynyl-4-nitropyridine serves as the key
A’B2 monomer, which carries two free terminal alkyne units
(B), ready to couple to azide functionalities via the click reaction, and one protected focal point functionality (A’),
which can be converted into an azide group. Convergent
dendron growth was achieved by repetition of a sequence of
twofold click reactions to the alkyne termini using previously established protocols (see the Supporting Information)[12]
followed by activation of the focal point functionality via
nucleophilic aromatic substitution with sodium azide. The
thus prepared first three generation dendrons carrying
single azide groups at their focal points were subsequently
coupled to a trifunctional core, that is, 1,3,5-triACHTUNGRE(ethynyl)benzene to yield the target dendrimers with molecular weights exceeding 9000 D.
All dendrons and dendrimers contain polar enantiomerically pure tetra(ethylene glycol) chains[17] to provide for sufficient solubility in water and to induce circular dichroism
(CD) in the course of aggregate formation, therefore facilitating analysis of the aggregation process by CD spectroscopy. Most importantly, oligo(ethylene glycol)-derived architectures[18] commonly exhibit a lower critical solution temperature (LCST),[19] rendering our dendrimers temperaturesensitive. For comparison purposes, the respective dendrimers, terminated by free carboxylic acid groups, were prepared by complete saponification of the ester side chains.
All compounds were characterized by standard analytical
techniques (see the Supporting Information) and investigated with regard to their aggregation behavior as pure substances. Based on some initial molecular modeling studies
using molecular mechanics (MM2), due to the significant
size of the systems, we anticipated the dendrimers to adopt
folded two-dimensional structures giving rise to flat disc-like
shapes with increasing diameter (Scheme 1, bottom). The
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Scheme 1. Convergent synthesis of first, second, and third generation dendrons and dendrimers (G-ng and G-na). Molecular models (MM2) shown were
used to estimate the approximate diameters of the flat heteroaromatic dendrimer core.
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dendrimers therefore resemble an amphiphilic architecture
in which a rigid and extended hydrophobic heteroaromatic
core with a tunable surface area is surrounded by a polar
corona of flexible ether side chains. These structural features
should induce self-assembly in aqueous systems and hence
aggregation was studied in water to evaluate critical structural parameters (generation number) and environmental
conditions (concentration, temperature).
Initially, clear aqueous solutions of the dendrimers over
a broad concentration range (8.5·106 m  c  1.6·102 m)
became turbid upon heating above 60 8C and regained their
transparency after cooling. Closer inspection of the respective absorption spectra revealed hypochromic shifts of the
bands associated with the aromatic cores upon heating (see
Figure S1 in the Supporting Information), thus indicating
p,p-stacking. For all generations, a strong decrease of the
absorbance signal was observed above 45 8C. The associated
CD spectra further support these findings as strong Cotton
effects, caused by chirality transfer from the side chains to
the aggregate, emerge with increasing temperature. These
sharp temperature-induced transitions monitored by UV/Vis
and CD spectroscopy (Figure 1) are characteristic for thermosensitive polymers and show a clear dependence on the
generation number and hence molecular weight.[20] Thereby,
the largest dendrimer exhibits the lowest LCST, indicating
the most stable aggregate in the case of G-3g.

COMMUNICATION
ability of the aggregates for the higher generation, hysteresis
suggests furthermore an increased kinetic stability, which is
nicely revealed by monitoring the kinetics of disassembly
(Figure 2 b). By analysis of the rates it was found that the
disassembly is 34 times slower in the case of G-3g as compared to G-1g (see Figure S2 in the Supporting Information).
To gather more experimental evidence for the solution
structure of the aggregates, small-angle X-ray scattering
(SAXS) measurements were carried out on diluted aqueous
solutions of the ester- as well as carboxylate-terminated dendrimer series G-ng and G-na, respectively, at temperatures
ranging from 20 8C to 80 8C. Note that the carboxylic acids
G-na were not soluble at pH 7 and hence measured at pH 10
as their corresponding sodium salts. The scattering patterns
of all dendrimers are typical for nanoparticles (Figure 3),

Figure 3. SAXS curves of the dendrimers (solid lines) and model curve
fits (dashed lines). Upper curves are multiplied by 100 for better visibility. The inset (left bottom) shows an approximation of G-1a (as Na + salt)
by a homogeneous flat disk (R = 0.35 nm, L = 0.15 nm). Measurements
were performed at 20 8C and concentrations were 1.6·103 mol L1 for all
dendrimers (except G-1a : 1.6·102 mol L1).

Figure 1. a) UV/Vis and b) CD spectral evolution as a function of temperature to determine the LCST for G-ng (c = 8.5·106 m).

During subsequent heating-cooling cycles monitored by
CD, pronounced hysteresis was observed, in particular in
the case of the higher generation dendrimers (Figure 2 a).
While the LCST indicates an enhanced thermodynamic sati-

Figure 2. a) Heating–cooling cycles at 0.5 K min1 and b) disassembly kinetics upon rapid cooling to 55 8C for G-ng, as observed by CD spectroscopy (c = 8.5·106 m).
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except the one for G-1a being characteristic of single molecules. While the SAXS patterns of the carboxylates G-na are
insensitive to temperature variation, the patterns of the oligo(ethylene glycol) terminated dendrimers G-ng are constant up to a critical temperature, above which an abrupt
phase separation into a water and a dendrimer phase is observed. The latter one subsequently precipitates as an insoluble white solid. This phase transition temperature is attributed to a lower critical solution temperature (LCST),[19]
comparable to that observed in numerous water-soluble
polymeric systems, such as poly(ethylene glycol)-based thermogels.[20] For accurate determination of the LCST transitions, temperature-dependent dynamic light scattering
(DLS) experiments were carried out. The LCST transitions
(Table 1) are nicely reflected by an abrupt increase of the
hydrodynamic radii of G-ng nanoparticles from ca. 10 nm to
ca. 800 nm (see Figure S3 in the Supporting Information).
The subsequent rapid additional increase in the sizes up to
the micrometer range is accompanied by precipitation, explaining the decreasing scattering intensity.
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Table 1. Structural parameters and dimensions derived from curve fits of
the SAXS measurements (see Figure 3) at 20 8C, below LCST, independently measured by different techniques (DLS, UV, CD).
Dendrimer

Shape

Length [nm]

Radius [nm]

LCST [8C]
DLS UV

CD

G-1a
G-1 g
G-2a
G-2 g
G-3a
G-3 g

disc
column
column
column
column
column

ca. 0.15
14.7  0.2
12.3  0.5
16.8  0.7
58.0  0.8
57.7  1.0

ca. 0.35
1.41  0.04
2.20  0.02
1.86  0.01
2.62  0.01
2.31  0.01

–[a]
51
–[a]
52
–[a]
57

–[a]
53
–[a]
55
–[a]
57.5

–[a]
54
–[a]
56
–[a]
58

[a] No LCST Transition was detected for the carboxylate salt (pH 10).

In addition to determining the LCST transition, the
SAXS data provide valuable information about the structure
of the aggregates in solution. At 20 8C the form of the
curves of dendrimers G-ng are typical for a highly elongated
shape of the particles where the scattering intensity in the
q region from about 0.3 to 0.9 nm1 scales with q1 as indicated by a straight line in Figure 3. At lower q values,
a Guinier region is visible, demonstrating that the total size
of the nanoparticles is attainable from the data. Finally, the
particle cross-section becomes visible in the high q range.
The obtained SAXS curves of dendrimers G-ng are most appropriately described by assuming a nanorod structure
model. Reasonable curve fits for other simple shapes, such
as spherical or disk-like nanoparticles, could not be found.
By proper curve fitting(see the Supporting Information), the
dimensions of the nanorods, that is, lengths and radii, could
be determined (Table 1).
The radii of the nanorods increase with increasing generation number, nicely reflecting the larger size of the higher
generation dendrimers. The radii of the dendrimer cores of
1.0 nm, 1.6 nm, and 2.2 nm derived from molecular modeling
represent the lower limits of the radii, which upon addition
of the extended chiral oligo(ethylene glycol) chains length
of ca. 0.8 nm give 1.8 nm, 2.4 nm, and 3.0 nm as upper limits
for G-1g, G-2g, and G-3g, respectively. Hence, the experimentally determined radii are in agreement with a structural
model assuming that the cylinders are composed of stacks of
flat dendrimer discs. Note that at the first glance, it is surprising that the radius of the carboxylate-terminated dendrimers is larger than their corresponding oligo(ethylene
glycol)-terminated dendrimers in both the second and third
generations. The relatively large radii of G-2a and G-3a are
most likely a result of the sodium ions, which are condensed
to the surface of the nanorods and therefore contribute significantly to electron density of the corona, rendering them
to appear bigger while the solvated ether side chains are
partially “invisible” due to their electron density matching
their surroundings.[21] This interpretation is supported by the
fact that the differences of the radii, that is, rACHTUNGRE(G-2a)rACHTUNGRE(G2g) = 0.34 nm and rACHTUNGRE(G-3a)rACHTUNGRE(G-3 g) = 0.31 nm, are the same
within experimental error.
The lengths of the nanorods reflect the aggregation
number, that is, how many dendrimer discs are stacked in
one cylindrical column. Based on the assumption that the
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nanorods are composed of flat dendrimer discs (see above)
spaced by a typical p,p-stacking distance of 3.5 ,[22] the observed lengths correlate with increasing aggregation numbers for higher generation dendrimers, that is, 42, 48, and
165 for G-1g, G-2g, and G-3g, respectively. While the aggregation numbers of the lower two generations are typical for
poly(ethylene oxide) based surfactants,[3, 15, 23, 24] the third generation dendrimer forms rather large aggregates. The significant increase in the aggregation number, when going from
the second to the third generation, is reflected in a much
higher aspect ratio, that is, length: radius ratio, for G-3a (22)
and G-3g (25). Assuming a simple isodesmic model for aggregate growth,[3d, 6] the association constant rises from K =
1.4·105 m1 (for G-2g) to K = 1.7·107 m1 (for G-3g), approaching the values of other heteroatom-containing extended psystems, such as perylene bisimides, in water.[6, 25] This
strongly enhanced aggregation constant can be correlated to
the significant increase of the dendrimer cores hydrophobic
surface area from about 2  800 2 (for G-2) to about 2 
1520 2 (for G-3).[6]
To test our proposed structural model, a model-free data
evaluation procedure for the calculation of the radial density profile developed by Glatter,[26] was used. In a first step,
we determined the cross-sectional pair distributions functions with the established indirect Fourier transformation.[27, 28] The radial electron density profiles of the cylindrical micelles 1(r) were calculated in a second step using the
convolution square root method implemented in
DECON.[29–31] The resulting continuous density profiles, as
measured from the center of the cylinders (Figure 4), show

Figure 4. a) Cross-section density profiles of the nanorod as calculated
with DECON.[33] The arrow traverses the curves in the order of G-1g !
G-2g !G-2a !G-3g !G-3a (solid lines indicate oligo(ethylene glycol)
chain functionalized dendrimers, dashed lines indicate carboxylate-functionalized dendrimers). b) Structural model of G-3g dendrimer aggregates
with dimensions as given in Table 1.

a clear decrease of electron density towards the periphery.[32]
The shift of the inflection points towards larger distances at
higher generations is in agreement with the increasing
radius of the dendrimer discs. Note that again the carboxylate-terminated dendrimers G-na appear to be more extended than the oligo(ethylene glycol) terminated dendrimers
G-ng due to the higher electron density of the sodium ions
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located at the periphery.[21] On a more quantitative basis, the
integrated electron density (98 % for G-1g, 97 % for G-2a,
95 % for G-2g, 98 % for G-3a, and 94 % for G-3g) is given
within the radii determined by the above used simple model
function. While Glatters model-free data evaluation provides additional information on the cross-sectional structure,
it nicely confirms the radii derived from applying the simple
cylinder model.
Above the LCST, distinct reflections became visible in the
SAXS curves (see Figure S3 in the Supporting Information),
indicating that the aggregation process proceeds to structure
formation on the next hierarchical level. Apparently, the
nanorods pack into a 2D hexagonal columnar lattice, colh,
with increasing lattice constants at higher generations, that
is, 3.36 nm (G-1g), 5.10 nm (G-2g), and 5.66 nm (G-3g). If we
further assume a dense packing of the nanorods, their radii
are given by Rc = a/2, that is, 1.68 nm G-1g), 2.55 nm (G-2g),
and 2.83 nm (G-3g). When comparing these values with the
radii of the nanorods found below LCST (see Table 1), we
find that the radii of the nanorods in the solid state are
larger than in solution. This apparent increase of the radii is
most likely a consequence of the dehydrated chiral oligo
(ethylene glycol) chains, which provide stronger scattering
contrast in the solid as compared to their hydrated state in
solution. This leads to the observed slight underestimation
of the radii when using a homogeneous core nanorod model
for the solution structure. The coherently scattering domain
sizes of the colh phase are 311 nm (G-1g), 15 nm (G-2g), and
13 nm (G-3g), as derived from the width of the (1.0) peak.
The comparatively large value of the domain sizes of the
first generation dendrimer is probably due to a rapid parallel alignment of its thin nanorods during precipitation. However, detailed investigations will be necessary to correlate
precipitation conditions and colh ordering in the bulk and on
surfaces.
Our work shows how shape-persistent flat dendrimers can
be realized using non-covalent interactions in poly(triazolepyridine) dendrimers prepared via click chemistry. Functionalization of the dendrimer periphery provides access to disclike amphiphiles, which assemble into cylindrical stacks in
water and furthermore undergo a thermosensitive phase
transition from a nanorod to a colh phase. Modulation of the
hydrophobic surface area of the dendrimer discs by growing
different generations allows for fine-tuning of the dimensions of the nanorods and resulting aspect ratio as well as
adjustment of the associated phase transition temperatures.
With increasing generation number and hence association
strength, the dissociation kinetics are slowed down significantly, thereby leading to a pronounced hysteresis of the
CD signal, that is, chiral memory effect. Studies to elucidate
the role of chirality in the assembly process are currently in
progress. The demonstrated control over colh structure formation should provide new opportunities for creating welldefined and highly ordered self-assembled water-borne
nanostructures. Incorporating additional function in combination with their inherent chirality renders these assemblies
potentially useful templates for aqueous processes, for ex-
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ample the organization of inorganic semiconductors or catalysts and modification of their surfaces.
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