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Abstract: The synthesis and structural and retrostructural analysis of a library of dendronized cyclotriv-
eratrylene containing seven nonchiral and seven chiral self-assembling dendrons is reported. These
dendronized cyclotriveratrylenes exhibit a crown conformation that we named dendritic crown. Selected
examples of dendritic crowns self-assemble into helical pyramidal columns that self-organize into columnar
crystals or into 2-D columnar hexagonal lattices with intracolumnar order. A second group of dendritic
crowns self-assembles into helical pyramidal columns and spherical supramolecular dendrimers that self-
organize into cubic and tetragonal lattices. A third group of dendritic crowns self-assembles only in spherical
supramolecular dendrimers. The helical pyramidal columns and spherical supramolecular dendrimers
assembled from dendronized cyclotriveratrylene containing nonchiral dendrons are chiral but racemic while
those generated from chiral dendrons exhibit amplified chirality. Structural analysis by a combination of
X-ray diffraction methods and CD experiments demonstrated a new mechanism for the assembly of chiral
supramolecular spheres that involves an intramolecular structure containing short fragments of helical
pyramidal columns.

Introduction

Dendrimers and dendrons1 are monodisperse macromolecules
with complex topologies that are synthesized by divergent2 and
convergent3 iterative strategies. They are influential building
blocks that impact science and technology at the interface
between chemistry, biology, physics, medicine, and nano-
science.4 Our laboratory discovered the first spherical supramo-
lecular dendrimers that self-organize in a Pm3jn cubic lattice.5a

Rational design combined with structural and retrostructural
analysis was used to establish that this periodic array is general
for libraries of self-organizable spherical molecular and su-
pramolecular dendrimers.5 Spherical supramolecular dendrimers
are self-assembled from conical or other conformers that
represent a fragment of a sphere.5a They are generated from
amphiphilic benzyl ether dendrons5 and from a large variety of
other self-assembling dendrons of similar shapes generated from
more complex primary structures.6 The mechanism of this self-

assembly process was established by a combination of experi-
ments that include X-ray diffraction (XRD),5a transmission
electron microscopy (TEM),7a,b isomorphous replacement,7c

advanced NMR methods,7d molecular simulations,7e and theo-
retical work.7f,g This mechanism facilitated the elaboration of
design principles required for the construction of functional
spherical supramolecular dendrimers,8,9 and generated new
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S. H. M.; Fischer, H. M.; Peerlings, H. W. I.; Meijer, E. W. Chem.
-Eur. J. 1998, 4, 2456–2466. (y) Matthews, O. A.; Shipway, A. N.;
Stoddart, J. F. Prog. Polym. Sci. 1998, 23, 1–56.

Published on Web 12/30/2008

10.1021/ja8087778 CCC: $40.75  2009 American Chemical Society1294 9 J. AM. CHEM. SOC. 2009, 131, 1294–1304



strategies to mediate functions.9-12 Conical dendrons self-
assemble also in Im3jm cubic,10a,b P42/mnm tetragonal,10c and
12-fold liquid quasicrystal semiperiodic arrays.10d Spherical
supramolecular dendrimers were originally considered to consist
of a disordered micellar structure.5a Recently, the first examples
of hollow spherical supramolecular dendrimers assembled from
conical dendrons that are chiral was reported.11 They represent
the first examples of spherical supramolecular dendrimers that
exhibit internal helical order and therefore, are not micellar.
Therefore, spherical supramolecular dendrimers with internal
order are the most primitive synthetic mimics of globular
proteins.11

The self-assembly of conical dendrons into spherical
supramolecular dendrimers evolved from the assembly of
tapereddendrons intocolumnar supramoleculardendrimers.11-13

Many of the columnar dendrimers are helical and therefore
are chiral.12 The internal order of the columnar supramo-
lecular dendrimers was analyzed by wide-angle XRD experi-
ments performed on oriented fibers by transplanting methods
from structural biology to supramolecular chemistry.13 These
experiments are facilitated by the anisotropic nature of the
lattice self-organized from columnar supramolecular den-
drimers. However, the cubic lattices self-organized from
spherical supramolecular dendrimers are isotropic and there-
fore, wide-angle XRD experiments performed on their
oriented fibers of monodomains do not provide information
on their internal order.
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A recent publication from our laboratory determined the
molecular structure and the mechanisms for the formation of
helical dendrimers from supramolecular columns.13 One of the
discoveries reported in this work13 showed that the dendritic
crown, a conformation that can be hollow or nonhollow,
molecular or supramolecular, provides the most general mech-
anism for the assembly of helical supramolecular dendrimers.
This discovery was facilitated by the relatively rigid cyclotriv-
eratrylene (CTV) crown that was used as a model.13,14 CTV
containing alkyl side groups exhibits a crown conformation that
self-assemble into pyramidal columns.14,15 Some of these
pyramidal columns were shown to be helical.14,15 Dendronized
CTV generate dendritic crowns that self-assemble into helical
pyramidal columns.13

This work reports that dendronized CTV form dendritic
crowns that self-assemble also into spherical supramolecular
dendrimers that are chiral. These chiral supramolecular den-
drimers self-organize in Pm3jn cubic and P42/mnm tetragonal
lattices. The self-assembly of dendritic crowns into chiral

supramolecular spheres represents a new self-assembly mech-
anism that may open unprecedented scientific and practical
opportunities.

Results and Discussion

Dendronized Cyclotriveratrylenes as Models for Crown-
Like Dendrons and Dendrimers that Self-Assemble into Spheri-
cal Supramolecular Dendrimers. Scheme 1 outlines the struc-
tures of the library of dendronized CTV that will be discussed
in this report. The synthesis and the analytical data of these
dendronized CTV are presented in the Supporting Information.
This library contains seven nonchiral and seven chiral den-
dronized CTV. Table 1 summarizes the phase transitions of the
supramolecular structures assembled from the dendronized CTV
shown in Scheme 1. These results were generated by a
combination of Differential Scanning Calorimetry (DSC) and
XRD experiments.5a (3,4)12G1-CTV, (3,4)dm8*G1-CTV,
(4-3,4)12G1-CTV, (4-3,4)dm8*G1-CTV, (4-3,4-3,5)12G2-
CTV-3, and (4-3,4-3,5)dm8*G2-CTV-3 self-assemble into
pyramidal columns that self-organize in a hexagonal columnar
lattice without (Φh) and with intracolumnar helical order (Φh

io).
(3,4,5)12G1-CTV, (4-3,4,5)12G1-CTV, and (3,4-3,5)12G2-
CTV self-assemble into pyramidal columns without (Φh) and
with intracolumnar order (Φh

io) as well as in supramolecular
spheres that self-organize in Pm3jn cubic lattices. The replace-
ment of the n-alkyl groups from the periphery of these
dendronizedCTVwithachiralalkylgroupgenerates(3,4,5)dm8*G1-
CTV, (4-3,4,5)dm8*G1-CTV, and (3,4-3,5)dm8*G2-CTV
(Scheme 1). The chiral dendronized CTV eliminate the self-
assembly in the pyramidal columns and self-assemble only in
supramolecular spheres that self-organize in the Pm3jn cubic
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Naturforsch. 1985, 40a, 149–160. (e) Malthête, J.; Collet, A. J. Am.
Chem. Soc. 1987, 109, 7544–7545. (f) Poupko, R.; Luz, Z.; Spielberg,
N.; Zimmermann, H. J. Am. Chem. Soc. 1989, 111, 6094–6105. (g)
Lesot, P.; Merlet, D.; Sarfati, M.; Courtieu, J.; Zimmermann, H.; Luz,
Z. J. Am. Chem. Soc. 2002, 124, 10071–10082. (h) Zimmermann, H.;
Bader, V.; Poupko, R.; Wachtel, E. J.; Luz, Z. J. Am. Chem. Soc.
2002, 124, 15286–15301.

(15) Levelut, A. M.; Malthête, J.; Collet, A. J. Phys. (Paris) 1986, 47,
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Scheme 1. Dendronized Cyclotriveratrylene (CTV) Derivatives
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lattices (Table 1). Both (3,4,5)212G2-CTV-3 and (3,4,5)2dm8*G2-
CTV-3 self-assemble in supramolecular spheres that self-
organize only in a tetragonal lattice.10c

Structural and Retrostructural Analysis of Helical
Pyramidal and Spherical Supramolecular Dendrimers
Self-Assembled from (4-3,4,5)12G1-CTV. We will discuss first
the self-assembly of (4-3,4,5)12G1-CTV from Scheme 1.
Figure 1 shows representative powder small-angle XRD plots
obtained from the Φh

io and Pm3jn lattices self-assembled from

(4-3,4,5)12G1-CTV and other dendronized CTV. The temper-
ature, the indexing of the diffraction peaks and the lattice
dimensions in each phase are indicated in Figure 1.

At room temperature (4-3,4,5)12G1-CTVs self-assemble into
a columnar hexagonal crystal generated from helical pyramidal
columns (Table 1). This structure is not yet completely
elucidated. The fiber XRD of (4-3,4,5)12G1-CTV indicates in
the crystal phase a helical pyramidal column (Figure 2). At 84.5
°C, this 3-D lattice transforms into helical pyramidal columns

Table 1. Thermal Analysis of the Supramolecular Dendrimers Self-Assembled from Dendronized CTV

dendrimer phase transition [°C] and corresponding enthalpy changes [kcal mol-1]a

heating cooling
(3,4)12G1-CTV Φh

io 62.3 (7.34) Φh 154.1 (9.22) i i 146.8 (-7.75) Φh 61.8 (-6.66) Φh
io

Φh
io 63.6 (6.51) Φh 154.0 (9.20) i

(3,4)dm8*G1-CTV k 48.2 (2.02) Φh
io 68.8 (13.30) Φh 76.2 (0.87) i i 57.8 (-21.81) Φh

io

Φh
io 67.8 (18.05) Φh 75.1 (0.61) i

(3,4,5)12G1-CTV Φh
io 17.3 (3.87) Φh 69.2 (18.65) Cub 93.1 (0.67) i i 75.8 (-0.38) Cub 59.5 (-0.67) Cub

Φh
io -13.1 (11.12) Cub 51.7 (-4.57) Φh 68.6 (17.27)

Cub 93.5 (0.80) i
-16.4 (-10.67) Φh

io

(3,4,5)dm8*G1-CTV Tg 2.3 Cub 45b i Cub 3.2 Tg

Tg -0.5 Cub 45b i
(4-3,4)12G1-CTV Φh

io 82.9 (2.59) Φh 223.8 (19.65) i i 209.0 (-7.79) Φh 84.6 (-1.85) Φr-s

Φh 217.2 (6.68) i
(4-3,4)dm8*G1-CTV Φh

io 177.6 (6.24) Φh 233.2 (17.85) i i 217.6 (-9.73) Φh 166.6 (-3.20) Φh
io

Φh
io 174.7 (3.93) Φh 226.2 (8.69) i

(4-3,4,5)12G1-CTV Φh
crystal 84.6 (3.37) Φh

io 104.9 (7.04) Cub 186.8 (1.04) i i 165.9 (-0.48) Cub 71.8 (-1.29) Cub -22.3 (-10.42) Cubg

Cubg -16.5 (14.85) Cub 82.8 (1.86) Cub 183.0 (0.65) i
(4-3,4,5)dm8*G1-CTV Tg 75.1 Cub 143.8 (0.28) i Cub 55.2 Tg

Tg 65.9 Cub 143b i
(3,4-3,5)12G2-CTV k -2.5 (13.32) Φh

io 67.3 (5.51) Cub 129.9 (1.71) i i 118.2 (-0.67) Cub 68.6 (-4.12) Φh
io -8.0 (-13.19) k

k -3.4 (16.32) Φh
io 69.5 (2.96) Cub 129.9 (1.70) i

(3,4-3,5)dm8*G2-CTV Tg 41.1 Cubg 70.0 (-0.19) Cub 89.0 (0.74) i Cub 14.4 Tg

Cubg 67.6 (-0.28) Cub 89.0 (0.73) i
(4-3,4-3,5)12G2-CTV-3 Φh

crystal 126.8 (-7.00) Φh
io 168.1 (33.87) i i 143.5 (-30.64) Φh

io 30.0 (-6.58) Φh
crystal

Φh
crystal 39.1 (4.59) Φh

io 167.4 (33.73) i
(4-3,4-3,5)dm8*G2-CTV-3 Φh

io 167.3 (35.60) i i 137.8 (-33.68) Φh
io

Φh
io 166.8 (6.01) i

(3,4,5)212G2-CTV-3 k -7.2 (24.33) Tet 100.6 (1.02) i i 81.9 (-0.25) Tet -11.2 (-21.38) k
k -6.8 (23.45) Tet 100.6 (1.02) i

(3,4,5)2dm8*G2-CTV-3 Tg 24.7 Tet 80b i Tetg

Tg 12.8 Tet 80b i

a Data from the first heating and cooling scans are on the first line, and data from the second heating are on the second line; k crystalline, Φh
io:

columnar hexagonal lattice with intracolumnar order, Φh
crystal: columnar hexagonal crystal, Φr-s: p2 mm simple rectangular columnar LC phase, Φh: p6

mm hexagonal columnar LC phase, Cub: Pm3jn cubic lattice, Cubg: glassy cubic phase, Tet: P42/mnm tetragonal lattice, Tetg: glassy tetragonal phase,
Tg: glass transition, i: isotropic. b Phase observed only by TOPM and XRD.

Figure 1. X-ray powder diffraction plots collected on dendronized CTV at the indicated temperatures. Phases, diffraction peaks indexing, and lattice dimensions
are marked.
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self-organized in a Φh
io periodic array. The structure of the

helical pyramidal column assembled in the Φh
io phase was

previously analyzed13 by the application of helical diffraction
theory16 to the atomic helix and by the Cerius2 simulation of
its fiber XRD with a helical molecular model. The atomic
structure of the helix in the crystal state was determined by
helical diffraction theory (Figure 2) and is identical to that
exhibited in the Φh

io phase.13 At 104.9 °C, the Φh
io phase

transforms in a Pm3jn cubic lattice, that is assembled from
supramolecular spheres. The upper left side of Figure 3
illustrates the well-established mechanism of self-assembly of
tapered dendrons in helical columns followed by self-organiza-
tion of the supramolecular column in a Φh or Φh

io lattice. The
right side shows the assembly of a conical dendron in a spherical
supramolecular dendrimer and its self-organization in a Pm3jn
cubic lattice.

The transition from a tapered to a conical dendron conforma-
tion and from the Φh or Φh

io lattice to a Pm3jn cubic lattice is
mediated by temperature.5h Under these conditions, the mech-
anism outlined in the upper part of Figure 3 must provide the
lattice dimension of the Φh lattice (ahex) equal to half of the
lattice dimension of the Pm3jn cubic lattice (acub), ahex ≈ acub/2.
The lower part of the Figure 3 shows the electron density maps
constructed from the XRD data from Figure 1b for the case of
the Φh

io and Pm3jn cubic lattices of (4-3,4,5)12G1-CTV. The
lattice dimensions of the Φh

io phase and of the Pm3jn cubic phase
show the ahex ≈ acub/2 dependence. Therefore, on the basis of
this dependence we can assume that the self-assembly mech-
anism maintains the overall organization within the supramo-
lecular columns and spheres upon the phase transitions.
Therefore, if a crown-like conformation was responsible for the
assembly of the supramolecular column, the same crown

conformation must be maintained during the transition to the
supramolecular sphere. Under these conditions, the dendritic
crown (4-3,4,5)12G1-CTV would not act as a conical con-
former during the self-assembly in the supramolecular sphere
as used to be the case in the previous self-assembly process.5a

Figure 4 outlines the possible self-assembly of eight dendritic
crowns derived from (4-3,4,5)12G1-CTV (Table 2) acting as
conical conformers during the assembly of the spherical
supramolecular dendrimer. The diameter of the theoretical
sphere generated by this mechanism is Dsphere

th ) 69 Å while
the experimental value obtained from XRD is Dsphere

exp ) 54 Å
(Table 2). This disagreement between the much higher Dsphere

th

) 69 Å and Dsphere
exp ) 54 Å increases even more if the diameter

of the sphere is calculated as the close contact direction between
the centers of the two spheres from the face of the Pm3jn lattice
(Figure 3 and 5). The lack of agreement between the Dsphere

th

and Dsphere
exp suggests that an alternative mechanism must be

responsible for the self-assembly of dendritic crowns into the
spherical supramolecular dendrimers.

Helical columns assembled from tapered dendrons or from
dendritic crowns have a similar diameter. The molecular model
of the triple-61 helical pyramidal column13 assembled from
(4-3,4,5)12G1-CTV in the Φh

io is shown in the bottom of
Figure 5a and schematically in Figure 5b. The electron density
map of the Φh

io lattice is in the left side of Figure 5a while that
of Pm3jn cubic lattice in the right side of the same figure. The
Dcolumn

exp ) ahex ) acub/2 ) 44 Å (Figure 5, Table 2). This result
suggests that most probably the mechanism by which the
supramolecular sphere is self-assembled from dendritic crowns
is via the splitting of the helical pyramidal column into shorter
fragments of column that adopt a spherical shape. This mech-
anism is outlined in Figure 5b. Three pathways are possible in
this case. In the first model (left side of Figure 5b), the helical
pyramidal column splits into shorter columns without the
inversion of the conformation of the CTV crown. In the second
model (middle of Figure 5b), inversion of conformation of the
CTV crown produces two spheres with different polarity. The
third model exhibits inversion of conformation of the CTV
crown inside the sphere. Regardless of the mechanism respon-
sible for this transition, the supramolecular spheres generated
from fragments of helical pyramidal columns must be chiral.
Experiments demonstrating this hypothesis will be presented
in a different subchapter.

Structural Analysis of Helical Pyramidal Columns and
Spherical Supramolecular Columns Assembled from Other
Non-Chiral Dendritic Crowns. Two additional examples of
dendronized CTV containing six nonchiral dendrons attached
to CTV, (3,4,5)12G1-CTV and (3,4-3,5)12G2-CTV, were
analyzed by DSC and XRD experiments (Tables 1 and 2, Figure
1). In both cases, experimental results suggest the same
mechanism of assembly of the supramolecular sphere as in the
case of (4-3,4,5)12G1-CTV. Experimental results of the self-
assembly process for (3,4,5)12G1-CTV and (3,4-3,5)12G2-
CTV are summarized in Table 2.

Two examples of dendronized CTV containing only three
nonchiral dendrons attached to CTV were also analyzed by a
combination of DSC and XRD experiments. (4-3,4-3,5)12G2-
CTV-3 (Scheme 1, Table 3) self-assemble into a helical
pyramidal column. The analysis of this helical pyramidal column
by helical diffraction theory13,16 applied to oriented fibers by
wide-angle XRD demonstrated a triple-61 helix with the helical
parameters summarized in Figure 6b,e. The molecular model
of the helical pyramidal column generated by Cerius2 simulation

(16) (a) Cochran, W.; Crick, F. H. C.; Vand, V. Acta Crystallogr. 1952, 5,
581–586. (b) Klug, A.; Crick, F. H. C.; Wyckoff, H. W. Acta
Crystallogr. 1958, 11, 199–213.

Figure 2. Wide angle X-ray diffraction patterns collected from the oriented
fibers of the helical columnar Φh

io (a) and Φh
crystal (b) assemblies of

(4-3,4,5)12G1-CTV at the indicated temperatures. Corresponding atomic
and molecular helical models that fit the identified helical packing (c). The
helical layer line features, tilt features, helix type, and triple-61 helix
parameters are indicated.
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is shown in Figure 6, parts c and f. (3,4,5)212G2-CTV-3
(Scheme 1, Table 3) self-assemble in supramolecular spheres
that self-organize in a P42/mnm tetragonal phase. The number
of dendritic crowns per supramolecular sphere calculated for
this phase is µ ) 5 (Table 3) and the assembly model is
illustrated in Figure 7. The crown conformer model of the helical
sphere from Figure 7 indicates that the mechanism from the
right column of Figure 5b is the most feasible for the assembly
of a helical sphere from dendritic crowns.

Structural Analysis of Chiral Dendronized CTV by XRD.
The Pm3jn cubic phase and P42/mnm tetragonal phase are
isotropic, and oriented fibers or monodomains cannot be used
for the analysis of the intramolecular structure of the supramo-
lecular sphere by a combination of small- and wide-angle
experiments. Therefore, in order to provide support for the
helical chiral structure generated from helical supramolecular
spheres, we have synthesized all nonchiral dendronized CTV
in their chiral form. The structures of all chiral compounds are
summarized in Scheme 1. The stereocenter was incorporated
in all cases in the alkyl group of the dendron. The following
five new chiral dendronized CTV were synthesized for the first
time:(3,4,5)dm8*G1-CTV,(4-3,4,5)dm8*G1-CTV,(3,4-3,5)dm8*G2-
CTV, (4-3,4-3,5)dm8*G2-CTV-3 and (3,4,5)2dm8*G2-CTV-3
(Scheme 1). Their synthesis and analytical data are reported in

the Supporting Information. (3,4)dm8*G1-CTV and (4-3,4)-
dm8*G1-CTV from Scheme 1 were previously reported.13

The thermal transitions determined by a combination of DSC
and XRD are summarized in Table 1. It is interesting to observe
that the transition from (3,4)12G1-CTV to (3,4)dm8*G1-CTV,
from (4-3,4)12G1-CTV to (4-3,4)dm8*G1-CTV, and from
(3,4,5)212G2-CTV-3 to (3,4,5)2dm8*G2-CTV-3 did not change
the sequence of columnar structures of their supramolecular
assemblies.Inthecasesof(4-3,4,5)12G1-CTVand(3,4-3,5)12G2-
CTV the nonchiral dendritic crown exhibited both Φh

io and
Pm3jn cubic structure. The incorporation of the branched
stereocentercreated(4-3,4,5)dm8*G1-CTVand(3,4-3,5)dm8*G2-
CTV that eliminated the assembly in the Φh

io phase and
maintained only the Pm3jn cubic phase (Table 1). In the case
of (3,4,5)212G2-CTV-3 the incorporation of the sterecenter
maintained the P42/mnm tetragonal phase (Table 1). The analysis
of all chiral cubic and tetragonal lattices is summarized in Tables
2 and 3. Figure 8 compares the supramolecular sphere self-
assembled from the conical conformer of (3,4-3,5)dm8*G2-
CTV with the supramolecular sphere assembled from a fragment
of helical pyramidal column. As in the previous discussion on
(4-3,4,5)12G1-CTV, the helical pyramidal model is preferred
for the generation of a supramolecular sphere with diameter
closed to that obtained by XRD experiments (Figure 8, Table
2).

An additional experiment that supports the hypothesis that
short helical pyramidal columns form helical supramolecular
spheres is shown in Figure 9. This figure illustrates the electron
density map profile of the unit cell (Figure 9a) of the Pm3jn
cubic lattice and of its z ) 0 plane (Figure 9b). In Figure 9c,
the electron density profiles reconstructed from XRD, the
molecular models generated from the crown and conical models
of assembly are compared as a function of R. The experimental
electron density profile determined from XRD data agree much
better with the crown-like model rather than the conical model.

The explanation for the elimination of the Φh
io phase by the

introduction of the branched stereocenter and for the assembly
of supramolecular sphere and the formation of the Pm3jn cubic
phase is suggested by the dendritic crown conformation shown
in Figure 10. The steric constrains present in the crowded
aromatic region of the dendronized CTV core generate a
minimum torsion angle. Furthermore, a direct correlation
between the dendron solid angle, minimum torsion angle, and

Figure 3. Schematic of the self-assembly process of taper and conical shaped dendrons into p6mm columnar hexagonal or Pm3jn cubic lattices (a) and the
corresponding relative electron density distributions (b).

Figure 4. The molecular model of the self-assembly of the (4-3,4,5)12G1-
CTV by conical conformer model.5a (a) Supramolecular sphere with the
aromatic region shown in space filling view and the aliphatic region in
stick view. (b) Detail of the aromatic region shown in stick view and the
CTV core region in space filling view. (c) CTV core region shown in space
filling view. Color code: In all cases, each of the eight dendrimers is colored
differently.
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the formation of cubic phases is illustrated in Figure 10.
Dendrons with large solid angle require a larger tosion angle
than those with smaller solid angle and, therefore, are more
likely to self-assemble into supramolecular spheres.

Analysis of Chiral Supramolecular Spheres Assembled
from Chiral Dendritic Crowns by CD Experiments. CD experi-
ments were carried out in solvophobic solvents and on thin films.
Both solution and thin film experiments were tested for possible
artifacts derived from linear dichroism.17 The preparation of
the thin films for these experiments and the demonstration of
the absence of linear dichroism are described in the Supporting
Information. An experiment that demonstrates that the supramo-
lecular structures assembled in bulk state and in solution are
similar is shown in Figure 11. The assembly of (3,4)dm8*G1-

CTV that was shown previously13 to form a helical pyramidal
column was monitored by CD experiments in the solvophobic
solvent dodecane and in thin film cast from CHCl3. With the
exception of the ellipticity and temperature range both CD
spectra show a remarkable similarity. In both cases, isodichroic
points that support an equilibrium between the molecular
dendritic crown and its helical pyramidal supramolecular column

(17) (a) Saeva, F. D.; Olin, G. R. J. Am. Chem. Soc. 1977, 99, 4848–4850.
(b) Palmans, A. R. A.; Meijer, E. W. Angew. Chem., Int. Ed. 2007,
46, 8948–8968. (c) Wolffs, M.; George, S. J.; Tomovic, Z.; Meskers,
S. C. J.; Schenning, A. P. H. J.; Meijer, E. W. Angew. Chem., Int. Ed.
2007, 46, 8203–8205. (d) Tsuda, A.; Alam, M. A.; Harada, T.;
Yamaguchi, T.; Ishii, N.; Aida, T. Angew. Chem., Int. Ed. 2007, 46,
8198–8202.

Table 2. Structural and Retrostructural Analysis of the Dendronized CTV

dendrimer T (°C) phase d(200)
a d(10)

b (Å) d(210)
a d(11)

b (Å) d(211)
a d(20)

b (Å) A (Å) Dsphere
exp Dcolexp c (Å) F d (g/cm3) µ(cell)

e µ f

(4-3,4,5)12G1-CTV 130 Pm3jn 43.8a 39.2a 35.8a 87.6 54.3 1.02 67.3 8.4
100 Φh

io 38.5b 22.1b 19.2b 44.3 44.3
(3,4,5)12G1-CTV 80 Pm3jn 36.6a 32.7a 29.8a 73.5 45.6 1.02 57.7 7.2

65 Φh
io 35.6b 20.5b 17.8b 41.1 41.1

(3,4-3,5)12G2-CTV 110 Pm3jn 41.2a 37.0a 33.7a 82.5 51.2 1.02 52.2 6.5
25 Φh

io 41.1b 23.7b 20.5b 47.4 47.4
(4-3,4,5)dm8*G1-CTV 100 Pm3jn 40.3a 36.1a 32.9a 80.6 50.0 1.03 57.7 7.2
(3,4,5)dm8*G1-CTV 5 Pm3jn 31.1a 27.8a 25.4a 62.2 38.6 1.03 40.1 5.0
(3,4-3,5)dm8*G2-CTV 80 Pm3jn 37.4a 33.4a 30.5a 74.7 46.4 1.03 43.6 5.4

a d-spacings of the Pm3jn cubic phase, their ratio is �4:�5:�6 and a ) (�4d200 + �5d210 + �6d211)/3. b d-spacing of the Φh
io columnar hexagonal

phase with intracolumnar order, their ratio is 1:�3:�4 and a ) (2/�3) (d10 + �3d11 + 2d20)/3. c For Pm3jn cubic phase spherical cluster diameter
calculated using Dsphere ) 2a/(32π/3)1/3 and for columnar hexagonal phases column diameter calculated using Dcol ) a. d Experimental density measured
at 20 °C. e Number of dendrimers in the Pm3jn unit cell calculated using µcell ) Fa3NA/Mwt. f Number of dendrimers per supramolecular sphere
calculated using µ ) µcell/8.

Figure 5. Reconstructed electron density maps (a) and the molecular models of (4-3,4,5)12G1-CTV that self-assemble into supramolecular helical columns
at low temperatures and supramolecular spheres at high temperatures (b). In (a), the lattice dimensions and column or sphere diameters are indicated. In (b),
the supramolecular columns or spheres are indicated by the dotted lines.

Table 3. Structural and Retrostructural Analysis of the Tri-substituted Dendronized CTV

dendrimer T (°C) phase a, c a (Å) d(002)
b d(10)

c (Å) d(410)
b d(11)

c (Å) d(411)
b d(20)

c (Å) d(312)
b (Å) Dsphere

exp Dcolexp d (Å) µ e

(3,4,5)212G2-CTV-3 90 P42/mnm 145.4, 76.9 38.5b 35.2b 32.1b 29.5b 41.2 5.0
(3,4,5)2dm8*G2-CTV-3 70 P42/mnm 140.5, 73.3 36.6b 34.1b 30.9b 28.3b 39.7 5.0
(4-3,4-3,5)12G2-CTV-3 130 Φh

io 44.5, - 38.5c 22.3c 19.3c 44.5
(4-3,4-3,5)dm8*G2-CTV-3 35 Φh

io 41.4, - 35.9c 20.7c 17.9 c 41.4

a Lattice parameters a ) b, c for the P42/mnm tetragonal phase and a for the Φh
io columnar hexagonal phase with intracolumnar order. b d-spacing of

the P42/mnm tetragonal phase. c d-spacing of the Φh
io columnar hexagonal phase with intracolumnar order, their ratio is 1:�3:�4 and a ) (2/�3) (d10

+ �3d11 + 2d20)/3 d Column or sphere diameter calculated using Dsphere ) a�2/5 for the P42/mnm tetragonal phase and D ) a for the Φh
io phase.

e Number of dendrimers per supramolecular sphere calculated for the P42/mnm tetragonal phase using µsphere ) Fa2cNA/(30Mwt), where NA ) Avogadro’s
number, F ) 1.0 g/cm3 density, and Mwt- molecular weight.
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are observed. They are supported by isosbestic points seen in
the corresponding UV spectra (Figure SF1 in Supporting

Information). As expected, the major difference between film and
solution consists of a higher stability of the helical pyramidal
column observed in bulk state. On the basis of this analysis, it is
expected that the arrangement of the dendritic crown in the
supramolecular sphere consists of a helical pyramidal column
similar but shorter than the one observed in the Φh

io phase. An
additional CD experiment for the newly synthesized (4-3,4-

Figure 6. Wide-angle oriented fiber XRD patterns collected from the Φh
io lattices of the chiral (4-3,4-3,5)dm8*G2-CTV-3 (a) and achiral (4-3,4-3,5)12G2-

CTV-3 (b). The molecular model based Cerius2 simulation of the oriented fiber XRD patterns (c). The azimuthal angle Chi plots vs intensity integrating the
q-range around the dendron tilt features marked by green dotted circles in a and b (d). The identified atomic helix, the corresponding helical fiber pattern
simulation, and the triple helix parameters (e). Side and top space filling views of the molecular model used in the Cerius2 simulation (f).

Figure 7. The reconstructed electron density of the P42/mnm unit cell of
(3,4,5)2dm8*G2-CTV-3 (a, b), the corresponding molecular model (c), and
detail of the aromatic core packing (d). In (a), only the regions with high
electron density and the plane z ) 0 are shown. Color code in (c) and (d):
each dendron aromatic region is orange, light blue and magenta, respectively;
CTV, green; alkyl chains C atoms, dark blue; O atoms, red; H atoms, white;
and all the other C atoms, gray.

Figure 8. Molecular models of the spherical supramolecular dendrimer
assembled from (3,4-3,5)dm8*G2-CTV by the conical and crown con-
former models. From left to right: supramolecular sphere, detail of the
aromatic region, and the CTV core region.
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3,5)dm8*G2-CTV-3 is in line with the helical pyramidal columnar
structure (Figure 6, Table 3).

The temperature and concentration dependence of the CD spectra
in solution and film of all the chiral dendritic crowns that self-
assemble in spherical supramolecular dendrimers and self-organize
in Pm3jn cubic or P42/mnm tetragonal lattices resemble the behavior
of those shown in Figure 11. Figure 12 summarizes selected
examples of CD spectra compared in film and in solution. Figure
12, parts a and b, compares CD spectra of the spherical supramo-
lecularassemblygeneratedbythechiraldendriticcrown(3,4,5)dm8*G1-
CTV in film and in dodecane. An expansion of the spectra from
Figure 12b is provided in Figure SF2 (Supporting Information).
As in the case of the results from Figure 11 obtained for helical

pyramidal columns from (3,4)dm8*G1-CTV the spherical su-
pramolecular spheres assembled from (3,4,5)dm8*G1-CTV exhibit
a lower arbitrary ellipticity in thin film than in solution and a lower
stability in solution. The CD spectra in solution and film obtained
for the spherical supramolecular assemblies generated from (3,4-
3,5)dm8*G2-CTV are shown in Figure 12c,d. These supramo-
lecular spheres as the one from Figure 12a,b self-organize in a
Pm3jn cubic lattice. A similar CD trend is observed. The CD spectra
from Figure 12, parts e and f are representative for the assembly
of (3,4,5)2dm8*G2-CTV-3 into spherical assemblies that self-
organize P42/mnm tetragonal lattice. UV spectra for all CD data
for Figure 12 are available in Supporting Information (Figure SF2).

Figure 9. Relative electron density distribution within the unit cell of the Pm3jn lattice of (3,4-3,5)dm8*G2-CTV (a). Electron density in z ) 0 plane (b).
Relative electron densities within each supramolecular sphere calculated from the XRD powder data (green curve), molecular model of the crown-like
conformation (red curve), and molecular model of the conical-like conformation (blue curve) (c). The electron densities were extracted from the molecular
model using Gaussian functions.

Figure 10. Molecular models of the dendronized CTV crowns. The direct correlation between the presence of a cubic phase and dendron architecture is
illustrated by the marked torsion angle required to fit the conformer in the supramolecular structure determined by XRD.
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The brief CD analysis reported in Figure 12 demonstrates that
the supramolecular spheres assembled from chiral dendritic crown
are chiral and that this chirality is produced by the internal structure
of the supramolecular sphere. All XRD and CD data reported here
support a new mechanism for the assembly of dendritic crowns in
spherical supramolecular dendrimers that involves short helical
pyramidal columns (see µ in Tables 2 and 3). These short helical
pyramidal columns explain the lower ellipticity of the CD spectra
of the chiral supramolecular spheres when compared with the CD
spectra of the helical pyramidal columns.

Mechanism of Chiral Induction in a Spherical Supra-
molecular Dendrimer. As mathematically described, a sphere
cannot be chiral. However, there are several examples of objects
with approximately spherical shape that are chiral. For example,
there are chiral colloidal clusters aggregated from spherical
colloids.18 Gold nanoparticles exhibiting chirality have also been
reported although the origin of their chirality is still debated.19a-d

Several mechanisms were advanced for the origin of chirality
in gold nanoparticles: (a) the interior of the particle is chiral;
(b) the thiol groups on the gold surface generate a chiral pattern;

Figure 11. Temperature dependence of the CD spectra of (3,4)dm8*G1-
CTV in dodecane solution (6.0 × 10-5 M) (a) and in spin-coated film cast
from CHCl3 (1.8%, w/v) (b). Arrows indicate trends upon increasing
temperature.

Figure 12. Temperature dependence of the CD spectra of (3,4,5)dm8*G1-CTV in dodecane solution (6.0 × 10-5 M) (a) and in spin-coated film of the cubic
structure cast from CHCl3 (2.5% w/v) (b); of (3,4-3,5)dm8*G2-CTV in dodecane solution (2.4 × 10-4 M) (c) and in spin-coated film of the cubic structure
cast from CHCl3 (4.5%, w/v) (d); of (3,4,5)2dm8*G2-CTV-3 in dodecane solution (8.3 × 10-4 M) (e) and in spin-coated film of the tetragonal structure cast
from CHCl3 (6.4% (w/v) (f). Arrows indicate trends upon increasing temperature.
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(c) the gold nanoparticle exhibits a chiral polygonal shape.19a-d

Internal helical spherical contours known as a helical sphere,
loxodrome, or rhumb20 were previously suggested to be
responsible for the chirality of spherical supramolecular den-
drimers exhibiting a helical cage.11 Molecular apple peels are
other examples of spherical chiral capsules.21 An example of a
dendronized folic acid that exhibited chirality in a Pm3jn cubic
phase upon complexation with NaOSO2CF3 was also reported.19e

A helical discotic-like internal arrangement was suggested for
its optical activity although no wide-angle XRD experiments
were reported in its Φh phase to confirm the suggested structure.
The supamolecular dendrimers reported here are approximately
spherical in shape. But, of course, being made of atoms, they
are not indeed mathematical spheres. The results reported here
demonstrate that an internal pyramidal column is responsible
for the chirality exhibited by these spherical supramolecular
dendrimers. The most probable mechanism of assembly is
illustrated in Figure 13. The inversion of the CTV crown in
isotropic solution or melt state is fast. However, its rotation
barrier decreases in an ordered state.14e Therefore, discrimination
between the models of helical pyramidal structures responsible
for the generation of the chiral spheres shown in Figure 5b is
not possible without additional experiments involving more
advanced NMR and XRD methods. Most probably, even the
supramolecular spherical dendrimers generated from nonchiral
dendrons are chiral but do not exhibit a CD spectrum since these
are racemic. Therefore, we suggest that the role of the
stereocenter is simply to select the handedness of an already
helical structure.12,22 Conventional self-assembling dendrons and
dendrimers have been shown to exhibit crown conformations12

and therefore, the self-assembly mechanism reported here is
expected to be encountered in many other classes of self-
assembling dendrons and dendrimers. The cavity of CTV acts
as a host to many examples of gusts9f-j and therefore, spherical
supramolecular dendrimers that exhibit chirality are expected
to exhibit host-guest interactions. The transfer of chirality by

the helical pyramidal architecture available both in Φh
io and

Pm3jn phases is also expected to provide new information on
the mechanism of transfer of structural information. The
development of new supramolecular concepts generated by the
self-assembly mechanism elaborated here is under investigation.

Conclusions

The synthesis, structural, and retrostructural analysis of a
library containing fourteen dendronized CTV is reported. Seven
of these dendronized CTV are chiral and seven are nonchiral.
All dendronized CTV exhibit a crown conformation that we
call dendritic crown. Dendritic crowns self-assemble in helical
pyramidal columns and spherical supramolecular dendrimers that
are chiral. Both the helical pyramidal columns and the supramo-
lecular spheres generated from nonchiral dendrons are chiral
but racemic while those generated from chiral dendrons amplify
their molecular chirality17b in solution and in bulk and are chiral.
A combination of X-ray diffraction methods and CD experi-
ments were used to demonstrate that the internal structure of
the spherical supramolecular dendrimers generated from den-
dritic crowns consists of short fragments of helical pyramidal
columns. This new self-assembly process is expected to provide
access to new mechanisms17b for the transfer and amplification
of structural information from the molecular to supramolecular
level, to clarify concepts related to the chirality of dendritic
macromolecules,23 and to generate new fundamental and tech-
nological concepts mediated by chiral supramolecular dendrimers.
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Figure 13. The new mechanism of self-assembly of spherical supramolecular dendrimers involving helical pyramidal columns.
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