
Hierarchical Self-Organization of Chiral Columns from Chiral
Supramolecular Spheres
Dipankar Sahoo,†,⊥ Mohammad R. Imam,†,¶ Mihai Peterca,†,‡ Benjamin E. Partridge,†

Daniela A. Wilson,†,# Xiangbing Zeng,§ Goran Ungar,§,∥ Paul A. Heiney,‡ and Virgil Percec*,†

†Roy & Diana Vagelos Laboratories, Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6323,
United States
‡Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396, United States
§Department of Materials Science and Engineering, University of Sheffield, Sheffield, S1 3JD, United Kingdom
∥Department of Physics, Zhejiang Sci-Tech University, 310018 Hangzhou, China

*S Supporting Information

ABSTRACT: The supramolecular column is an archetypal
architecture in the field of periodic liquid crystalline and
crystalline arrays. Columns are generated via self-assembly,
coassembly, and polymerization of monomers containing
molecules shaped as discs, tapered, twin- and Janus-tapered,
crowns, hat-shaped crowns, and fragments thereof. These
supramolecular columns can be helical and therefore exhibit
chirality. In contrast, spheres represent a fundamentally distinct
architecture, generated from conical and crown-like molecules,
which self-organize into body-centered cubic, Pm3̅n cubic (also
known as Frank−Kasper A15), and tetragonal (also known as
Frank−Kasper σ) phases. Supramolecular spherical aggregates
are not known to further assemble into a columnar architecture, except as an intermediate state between a columnar periodic
array and a cubic phase. In the present work, a chiral dendronized cyclotetraveratrylene (CTTV) derivative is demonstrated to
self-organize into a supramolecular column unexpectedly constructed from supramolecular spheres, with no subsequent
transition to a cubic phase. Structural and retrostructural analysis using a combination of differential scanning calorimetry, X-ray
diffraction (XRD), molecular modeling, and simulation of XRD patterns reveals that this CTTV derivative, which is
functionalized with eight chiral first-generation minidendrons, self-organizes via a column-from-spheres model. The transition
from column to column-from-spheres was monitored by circular dichroism spectroscopy, which demonstrated that both the
supramolecular column and supramolecular spheres are chiral. This column-from-spheres model, which unites two
fundamentally distinct self-assembled architectures, provides a new mechanism to self-organize supramolecular columnar
architectures.

■ INTRODUCTION

The self-assembly of supramolecular columns from disc-like
molecules is well established.1 Subsequently, tapered,2 twin-
tapered,3 and Janus-tapered4 molecules and larger fragments of
discs,5 as well as other quasi-discotic molecules including
crown-like molecules6 and hat-shaped crowns,6c were also
demonstrated to self-assemble into supramolecular columns by
various combinations of nonbonding interactions7 or by
polymerization.8 These columns self-organize into periodic
liquid crystalline and crystalline arrays that exhibit diverse
functions including ionic and electronic conduction,9 nano-
mechanical function,10 water transport as mimics of trans-
membrane pores,11 and nanoporous polymer films.12 In
contrast, supramolecular spheres cannot be self-assembled
from tapered molecules and flat discs, or fragments thereof,
unless those molecules are able to undergo conformational
changes. Such quasiequivalent13 building blocks and dendron-

ized components adopting a conical or crown-like conforma-
tion may self-assemble into supramolecular spheres,1j,l which
subsequently self-organize into 3D phases including body-
centered cubic (BCC, Im3̅m),14 Pm3̅n cubic15 (known also as
Frank−Kasper A1516 or Q223

17), tetragonal (P42/mnm, known
also as Frank−Kasper σ),18 and 12-fold liquid quasicrystalline
(LQC)16b,19 phases. Notably, helical supramolecular columns
and supramolecular spheres can be chiral,8d,10c,20,21 even when
they are assembled from achiral dendrons.1j,l The chirality of a
sphere, which can most easily be conceived as a loxodrome
that resembles a helical apple peel,22 has been discussed
previously,23,24 utilized synthetically,25 and investigated theo-
retically.26
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The conformation, or secondary structure, of a molecule
determines whether self-assembly proceeds to give columnar
or spherical tertiary structures, which have so far been
considered mutually exclusive.1j,l Hence the assembly of
supramolecular spheres into supramolecular columns is not
expected and was only recently reported.27 Spherical objects
such as gold nanoparticles28 or C60 fullerenes29 have been
embedded within supramolecular columns, but the supra-
molecular structure is dictated in these cases by the
conformation of dendrons jacketing the spherical core. The
supramolecular columns cannot be considered as an assembly
of isolated nanoparticles or fullerenes, but rather as spherical
objects (nanoparticles or fullerenes) suspended in an otherwise
columnar assembly of dendrons.
Recently a supramolecular column assembled from supra-

molecular spherical objects was proposed for a perylene
bisimide (PBI) dendronized with two second-generation self-
assembling benzyl ether dendrons, G2-PBI.27 G2-PBI organ-
ized into a 2D columnar hexagonal phase with intracolumnar
order (Φh

io1) comprising supramolecular columns of stacked
molecular crowns, a BCC phase comprising supramolecular
spheres, and an intermediate columnar phase between the
Φh

io1 and BCC phases. It was proposed that the supra-
molecular columns of this intermediate columnar phase were
constructed from supramolecular spheres as a means of
transitioning between the columnar and cubic phases,27a

mediated by the flexibility of the molecular crown-like
conformation and consistent with a proposed “pinching off”
mechanism for the column-to-sphere transition.30

Although transitions between columnar and cubic phases
have been observed in multiple crown-like dendronized
molecules, including cyclotriveratrylenes (CTV)6a and triphe-
nylenes (Tp),6b no other column-from-spheres structure has
been encountered. Crown-like CTV molecules generate
pyramidal columns,31 helical columns,6,32 and cubic phases
self-organized from supramolecular spheres.6a,32b Their peri-
odic arrays exhibit supramolecular deracemization in the bulk
state6c via crown inversion33 and supramolecular orientational
memory upon transition between columnar and cubic
phases.32b In contrast to CTV, cyclotetraveratrylene
(CTTV)34 has a much less rigid core, which can access
multiple conformations, among which the crown is energeti-
cally unstable.34c

In this publication, a columnar phase in which supra-
molecular columns are constructed from supramolecular
spheres independently of the presence of a cubic phase is
reported. A CTTV derivative dendronized with eight chiral
minidendrons, discovered by screening a library of dendron-
ized CTTV derivatives, self-assembles into supramolecular
columns comprising stacked disc-like molecules. Upon heating,
a first-order phase transition occurs to generate a distinct
columnar phase in which molecules self-assemble into
supramolecular spheres within the supramolecular columns.
Circular dichroism spectroscopy demonstrates that these
supramolecular spheres are chiral, and this chirality was
exploited to monitor the column to column-from-spheres
transition. Notably, further heating does not provide a cubic
phase, but instead results in an isotropic melt. The column-
from-spheres structure independent of subsequent transition to
a 3D phase generated from spheres represents a new
mechanism for the self-organization of supramolecular
columns.

■ RESULTS AND DISCUSSION
Synthesis of Cyclotetraveratrylene with Chiral Mini-

dendrons, (S)-CTTV. (S)-(3,4)dm8*G1-CTTV (hereafter
“(S)-CTTV”) was discovered by screening a library of
CTTV derivatives dendronized with a variety of chiral and
achiral first- and second-generation dendrons (Supporting
Scheme 1). The columns-from-spheres structure was observed
only for (S)-CTTV. It is not known why other dendronized
CTTVs do not exhibit this structure. The chiral first-
generation minidendron attached to (S)-CTTV was previously
exploited in a CTV derivative that exhibited deracemization of
its homochiral columns in its crystalline bulk state.6c The
synthesis of (S)-CTTV is summarized in Scheme 1.
The CTTV core was prepared by cyclooligomerization35 of

veratryl alcohol 1 in trifluoroacetic acid and dichloromethane
at 0 °C for 4 h. The choice of acid and concentration of
reagents had been previously optimized to favor the tetrameric
product 2,35a which was isolated after recrystallization from a
mixture of chloroform and benzene (8:3 v/v) in 56% yield.
Demethylation of 2 with boron tribromide in dichloromethane
at reflux for 2 h gave CTTV(OH)8 (3)

34b in 83% yield after
recrystallization from aqueous ethanol. Williamson ether-
ification of 3 with chiral minidendron 4, which was prepared
as reported previously,6a proceeded in 16 h at 80 °C in

Scheme 1. Synthesis of (S)-CTTVa,b

aReagents and conditions: (i) CF3COOH, CH2Cl2, 0 °C, 4 h; (ii) BBr3, CH2Cl2, reflux, 2 h; (iii) K2CO3, DMF, 80 °C, 16 h. bColor code of (S)-
CTTV: CTTV core, green; phenyl rings of dendrons, orange; O atoms, red; other atoms, black.
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dimethylformamide (DMF) with K2CO3 as base. Purification
by column chromatography and recrystallization from acetone
gave analytically pure (S)-CTTV in 53% isolated yield.
Thermal Analysis by Differential Scanning Calorim-

etry. The thermal phase behavior of (S)-CTTV was analyzed
by differential scanning calorimetry (DSC, Figure 1). Phases

indicated in Figure 1 were determined by X-ray diffraction
(XRD) experiments, to be discussed later. The as-prepared
sample of (S)-CTTV exhibits a 3D crystalline columnar
hexagonal phase (Φh

k) at room temperature (23 °C). At 52 °C
on first heating at 10 °C/min, the Φh

k phase transitions into a
2D columnar hexagonal phase with intracolumnar order
(Φh

io). This phase is stable until isotropization at 74 °C,
above which an isotropic melt is observed. Upon first cooling,
the same sequence of phases is observed with moderate
supercooling: the Φh

io and Φh
k phases are re-formed at 61 and

34 °C, respectively. The low-enthalpy transitions at −16 and
25 °C upon first heating and −17 °C upon first cooling are
accompanied by small changes in the relative intensity of XRD

peaks, corresponding to a limited degree of crystallization of
the aliphatic chains of (S)-CTTV on cooling and their melting
on heating. Subsequent heating and cooling cycles reproduce
the thermal behavior observed upon first heating and cooling.
Structural analysis parameters are summarized in Table 1.

Supramolecular Columns Self-Organized from Con-
formationally Flexible Disc-like Molecules. XRD analysis
of an oriented fiber of (S)-CTTV in the Φh

k and Φh
io phases

and accompanying models generated via structural and
retrostructural analysis are shown in Figures 2 and 3.
XRD measurements were taken at two sample-to-detector

distances: 0.54 m (denoted intermediate-angle X-ray scatter-
ing, IAXS) and 0.07 m (denoted wide-angle X-ray scattering,
WAXS), to examine different length scales in the supra-
molecular assemblies of (S)-CTTV. IAXS data of the Φh

k

phase (Figure 2a) probe intercolumnar packing of supra-
molecular columns into an array and are consistent with a
hexagonal array with column diameter Dcol (= a) of 36.0 Å
(Table 1 and Supporting Figure 1). In contrast, WAXS
provides information about the intracolumnar packing of
molecules (Figure 2b) and suggests that the stratum thickness
within the supramolecular column is 5.5 Å. This thickness can
be combined with the experimental density (1.01 g/cm3) to
calculate the number of molecules per stratum of the column,
μ = 1.01; that is, a single molecule of (S)-CTTV forms a
complete disc within the supramolecular column. Tilt features
in the WAXS pattern (Figure 2b, blue ellipses, and Figure 2c)
indicate that the dendrons of (S)-CTTV are tilted by 30° with
respect to the column axis, consistent with a crown-like
conformation of the molecule (Figure 2d). The supramolecular
column (Figure 2e) is thus composed of single molecules of
(S)-CTTV with tilted dendrons, stacked atop each other to
give a supramolecular column that is helical (Figure 2e−h), as
evidenced by CD, to be discussed later. These columns self-
organize in turn into a columnar hexagonal array.

Supramolecular Columns Assembled from Supra-
molecular Spheres: The Column-from-Spheres Model.
Although the equatorial WAXS data of the Φh

io phase (Figure
3b) are also consistent with a columnar hexagonal array
(Supporting Figure 1), there are substantial differences
between the patterns of the Φh

io phase and those of the Φh
k

phase (Figure 2b). No tilt or meridional features are apparent,
and instead six features with low q values (i.e., close to the
center) are observed. An azimuthal plot (Figure 3d) of these
features (labeled 1 to 6 in Figure 3a−c) suggests that they
appear at ∼60° intervals and that there are two distinct classes
of features: features 1 and 4 are sharp, intense, equatorial peaks
(q = 0.218 Å−1), whereas features 2, 3, 5, and 6 are broad,
diffuse, off-axis maxima (q = 0.221 Å−1). This pattern of

Figure 1. DSC traces of (S)-CTTV upon (top) first heating and
cooling and (bottom) second heating and cooling, at a rate of 10 °C/
min. Phases determined in XRD (defined in main text), transition
temperatures (in °C), and associated enthalpy changes (in
parentheses, in kcal/mol) are indicated.

Table 1. Structural Analysis of (S)-CTTV by XRD

T (°C) phasea a, b, c (Å)b T (Å)c Ρ (g/cm3) Mwt (g/mol)d μe Dcol (Å)
f d100, d110, d200, d210, d300 (Å)

g

15 Φh
k 36.0, 36.0, 44.0 5.5 1.01h 3709.8 1.0 36.0 31.2, 18.0, 15.6,11.8, 10.4

60 Φh
io 34.4, 34.4, − − 0.98i 5.6 34.4j 29.8, 17.2, 14.9, 11.3, 9.5

aPhase notation: Φh
k, 3D crystalline columnar hexagonal phase; Φh

io, 2D liquid crystalline columnar hexagonal phase with intracolumnar order.
bLattice parameters calculated using dhk0 = (√3a/2)(h2 + k2 + hk)−1/2. cAverage column stratum thickness calculated from the meridional axis
features of WAXS fiber patterns. dMolecular weight. eAverage number of dendrimers forming the supramolecular object calculated using μ =
(NAAtρ)(Mwt)

−1 where NA = 6.022 × 1023 mol−1 = Avogadro’s number and A is the area of the column cross-section calculated from the lattice
parameters. In the Φh

k phase, μ defines the number of dendrimers in a column stratum with thickness t. In the Φh
io phase, μ defines the number of

dendrimers in a supramolecular sphere occupying a length of the column equal to the sphere diameter, i.e., with thickness t = a. fColumn diameter
(Dcol = a). gExperimental d-spacings for the Φh phases.

hExperimental density measured at 23 °C. iExperimental density measured at 23 °C after
quenching from 60 °C into liquid N2, and calculated density (details in Supporting Information). jDiameter of column = diameter of sphere.
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features is consistent with the XRD data of the column-from-
spheres model proposed for the intermediate Φh

io2 phase in a
G2-PBI.27a An estimate of the correlation length of the diffuse
features in Figure 3a was calculated using the Scherrer
equation (ξ ≈ 2π/fwhm, where fwhm = full-width at half-
maximum) to be ∼95 Å, that is, on the order of two or three
supramolecular spheres.
Taking the diameter of the supramolecular sphere to be

equal to Dcol (34.4 Å) and the density of the Φh
io phase (0.98

g/cm3) suggest that there are six molecules in the supra-
molecular sphere. Measurement of density via the flotation
method at higher temperature was unreliable due to
convection flow and thermal gradients at elevated temperature.
Instead the density of the Φh

io phase was determined by two
methods: by measuring at 23 °C the density of a fiber that was
heated to 60 °C and subsequently quenched in liquid N2 and
by calculation,37 accounting for the thermal expansion of the
aliphatic portion of (S)-CTTV (see Supporting Information
for details).38 Both values provided a density of 0.98 g/cm3,
from which we calculate that there are 5.6, i.e., ∼6, molecules
per supramolecular sphere. The disparity between 5.6 and 6 is
accounted for by experimental uncertainties in the determi-
nation of lattice parameters by XRD and density. A value of six
CTTV molecules per sphere is consistent with CTV (μ = 3.3−
4.5, Dcol = 33.8−45.9 Å)6a and triphenylene (μ = 5.0−8.4, Dcol
= 40.1−67.3 Å)6b derivatives dendronized with first-generation
dendrons previously reported to form supramolecular spheres.
A model of the supramolecular columns-from-spheres of (S)-
CTTV with P6mm symmetry is presented in Figure 3e−h.
Note that in Figure 3h the supramolecular spheres are depicted

as non-space-filling to aid visualization, analogous to typical
depictions of other phases generated from spheres such as
cubic phases.36 In practice, supramolecular spheres will be in
contact such that the peripheral alkyl chains form a continuous
domain throughout the structure and there is no space
between spheres. Consistent with dendronized CTV6a and
triphenylenes,6b the supramolecular sphere is a supramolecular
spherical assembly of (S)-CTTV constructed from a short
spherically distorted fragment of its helical supramolecular
column. This fragment contains on average six molecules, as
determined by density calculations (Table 1), and exhibits
chirality dictated by the helical arrangement of molecules
within the spherical helix assembly (Supporting Figure 2) and
evidenced by circular dichroism (CD) spectroscopy, to be
discussed later.
In the proposed model, supramolecular spherical objects are

randomly rotationally disordered within the supramolecular
column, with spheres in adjacent columns longitudinally
displaced along the column axis by approximately z = 0, c/3,
and 2c/3, respectively (Figures 3h and 4). A numerical
simulation of the diffraction of a column-from-spheres model
was performed, in which solid spheres are displaced along the
columns of a columnar hexagonal array by exactly z = 0, c/3,
and 2c/3, respectively (Figure 3c).27a A columnar hexagonal
array of supramolecular spheres with exactly these displace-
ments is equivalent to a BCC phase,27a where the body
diagonal of the BCC unit cell (=√3a) is equal to twice the
diameter of the supramolecular sphere, Dsph. Hence a = (2/
√3)Dsph, and therefore the Φh

io phase with Dcol = 34.4 Å
would be equivalent to a BCC phase with a = 39.7 Å. The

Figure 2. XRD patterns and molecular models of the 3D crystalline columnar hexagonal (Φh
k) phase of (S)-CTTV generated from tilted crowns.

(a, b) Experimental XRD patterns collected with a sample-to-detector distance of (a) 0.54 m (IAXS) and (b) 0.07 m (WAXS). Temperature,
phase, lattice parameters, and fiber axis are indicated. (c) Azimuthal plot of tilt features in (b). (d−i) Molecular models of the Φh

k phase: (d) single
molecule, side view; (e) supramolecular column, side view, with alkyl chains omitted for clarity; (f, g) single molecule, top view; (h) supramolecular
column, top view; (i) unit cell, top view. Color code: O, red; C atoms of the CTTV core, green; C atoms of phenyl rings, orange; C atoms of the
peripheral alkyl chains, gray; H, white; dendron phenyl rings shown as colored CPK representations in (e) and (g)−(i).
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positions of diffraction features arising from this numerical
simulation (Figure 3c) are consistent with the experimental
data (Figure 3a), but the simulated pattern overestimates the

intensity and sharpness of features 2, 3, 5, and 6 as well as a
meridional feature at a higher q value. Disorder in the
displacement of supramolecular spheres along the column axis

Figure 3. XRD patterns and molecular models of the 2D liquid crystalline columnar hexagonal phase with intracolumnar order (Φh
io) of (S)-CTTV

generated from supramolecular spheres. (a, b) Experimental XRD patterns collected with a sample-to-detector distance of (a) 0.54 m (IAXS) and
(b) 0.07 m (WAXS). Temperature, phase, lattice parameters, and fiber axis are indicated. (c) Numerical simulation of a hexagonal array of columns
constructed from supramolecular spheres.27a (d) Azimuthal plot of features 1 to 6 in (a). (e−h) Molecular models of the Φh

io phase:
supramolecular sphere, (e) top and (f) side view; (g) unit cell, top view; (h) supramolecular columns, side view. Spheres are depicted as non-space-
filling to aid visualization.36 Color code: O, red; N, blue; C atoms of the CTTV core, green; C atoms of the peripheral alkyl chains, gray; H, white;
dendron phenyl rings shown as colored CPK representations.

Figure 4. Comparison of column-from-spheres models. (a) A body centered cubic (BCC) lattice can be treated as a √3 × √3 hexagonal lattice
comprising three types of columns in which supramolecular spheres are displaced along the column axis by z = 0, z = c/3, and z = 2c/3,
respectively. (b) Unit cell of equivalent BCC lattice. (c) In the column-from-spheres model proposed for the Φh

io phase of (S)-CTTV, longitudinal
disorder of the supramolecular spheres along the column axis reduces the symmetry of the periodic array so that it is not equivalent to a BCC
phase. Spheres are depicted as non-space-filling to aid visualization.36
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eliminates the cubic symmetry of the array, which is supported
by the diffuse nature of features 2, 3, 5, and 6 (Figure 3a). The
meridional feature in the numerical simulation (Figure 3c) is
manifested as a very diffuse region of diffraction on the
meridian in the experimental pattern (Figure 3b). Hence the
column-from-spheres model proposes supramolecular columns
comprising supramolecular spheres that are translationally
disordered along the column axis and rotationally disordered
and is therefore most appropriately described as a Φh

io phase.
This assignment is supported also by the observation of (hk0)
peaks consistent with a hexagonal lattice (Figure 3b and
Supporting Figure 1).
The assignment of the Φh

io phase as a columnar array in
which supramolecular columns comprise supramolecular
spheres is supported by modeling and simulation (Figure 5).

A simulation of the XRD pattern expected from the molecular
model presented in Figure 3e−h and described above agrees
well with the experimentally observed XRD pattern (compare
Figure 5a,b), in terms of both the positions of features and
their relative intensities. Indeed, the weakest features at higher
q in the simulation (Figure 5b) are too weak to be observed
experimentally (Figure 5a). Additional simulation of a
columnar hexagonal array of solid spheres longitudinally
displaced along the column axis (Figure 5c) also reproduces
the experimentally observed positions of features, but provides
only moderate agreement for relative intensities as the model
neglects the anisotropic distribution of electron density within
the supramolecular sphere. The experimental XRD pattern of
the Φh

io phase of (S)-CTTV (Figure 5a) shows substantial
similarity to the experimental XRD pattern of G2-PBI (Figure

5d),27a with two bright peaks at positions 1 and 4 and four
diffuse features at positions 2, 3, 5, and 6. The features of (S)-
CTTV (Figure 5a) are located at higher q values than those of
G2-PBI (Figure 5d) due to the smaller size of its supra-
molecular columns (Dcol,CTTV = 34.4 Å vs Dcol,PBI = 46.1 Å).
An alternative model to explain the diffuse features in Figure

3a,b could invoke a columnar arrangement of discs or
pseudodiscs rather than a short-range intercolumnar order of
spherical objects, to give undulating columns.39 However,
undulating columns would be expected to give rise to a
relatively strong diffraction feature between 3.5 and 6.0 Å,
corresponding to the distance between column strata. This is
absent from the experimental XRD of the Φh

io phase (Figure
3b), due to the formation of smaller helical stacks along the
column axis, consistent with the formation of supramolecular
spherical objects that are rotationally disordered about the
column axis. The diffuse nature of the features at positions 2, 3,
5, and 6 (Figure 3a) supports short-range intra- and
intercolumnar order, whereas higher intracolumnar order,
and a concomitantly sharper diffraction feature, would be
expected within an array of undulating columns. Furthermore,
the diffuse features at positions 2, 3, 5, and 6 in the diffraction
patterns of both (S)-CTTV and G2-PBI have q values almost
identical to the sharp features at positions 1 and 4. This
supports the formation of distinct supramolecular spheres
rather than undulated columns, which would give rise to sharp
off-axis features at positions 2, 3, 5, and 6, at higher q values.40

Another alternative explanation for the observation of an
apparent column-from-spheres model is coexistence of Φh and
BCC phases, which would result from a slow transition
between the two phases.41 Diffraction features from both the
Φh and BCC phases would be observed by XRD, and hence
broad features 2, 3, 5, and 6 in Figure 5a would have to be
attributed to the (110) features of a BCC array. In this case, a
similarly broad (13̅0) feature of the BCC phase would be
expected approximately at positions 1 and 4 in Figure 5a.
However, these broad features are not observed, and instead
only sharp diffraction peaks, consistent with the (100) peak of
a Φh phase, are observed. Furthermore, DSC demonstrates a
large enthalpy transition between the Φh

k and Φh
io phases

(Figure 1), indicative of a distinct phase transition rather than
a broad range of coexistence. During this transition, the benzyl
ether dendrons attached to the CTTV core exhibit increased
thermal motion. The curvature of the dendrons increases,
driving crown−crown inversion. This inversion generates
crowns and inverted crowns (Figure 3f) rather than all crowns
within a column pointing in the same direction (Figure 2d)
and drives the formation of supramolecular spheres.
In summary, DSC, XRD, molecular modeling, and

simulation of XRD favor a columns-from-spheres model rather
than alternative explanations such as an array of undulated
columns or coexistence of Φh and BCC phases. Attempts to
visualize the spheres within the columns-from-spheres via
atomic force microscopy (AFM) have not yet succeeded, as
discriminating the boundaries of individual spheres is
approaching the limit of the resolution of AFM and other
real-space imaging techniques such as transmission electron
microscopy.15a

Propagation of Supramolecular Chirality from Col-
umns to Columns-from-Spheres. Chiral supramolecular
structures arise from the self-assembly of both chiral and
achiral building blocks.42 The self-assembly of a chiral building
block generates a homochiral supramolecular assembly by

Figure 5. Experimental and simulated XRD patterns for hexagonal
arrays of supramolecular columns constructed from supramolecular
spheres. (a) Experimental XRD pattern of the Φh

io phase of (S)-
CTTV. (b, c) XRD patterns of the Φh

io phase of (S)-CTTV simulated
from (b) the molecular model depicted in Figure 3e−h and (c) a
columnar hexagonal array of solid spheres displaced along the column
axis.27a (d) Experimental XRD pattern of the Φh

io2 phase of G2-
PBI,27a in which supramolecular columns are constructed from
supramolecular spheres.
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selecting the handedness of an already chiral struc-
ture,6,10,11,43,44 and thus it was expected that self-assembly of
homochiral (S)-CTTV would generate homochiral supra-
molecular columns. The proposed column-from-spheres model
of (S)-CTTV describes the supramolecular sphere as a short,
spherically distorted fragment of the supramolecular column
(Figure 3 and Supporting Figure 2), consistent with previous
studies on supramolecular spheres from CTV and tripheny-
lene.6 In those studies, the helical structure of the supra-
molecular sphere was confirmed by CD spectroscopy.
Hence a spin-coated film of (S)-CTTV was monitored using

CD as a function of temperature to ascertain how phase
transitions affect the homochiral assembly of (S)-CTTV
(Figure 6). There are three distinct regimes identifiable by

CD. In the Φh
k phase, the long-range helical order in the

supramolecular column provides the strongest CD signal, with
two discernible features at 243 and 289 nm. Upon heating
above the Φh

k-to-Φh
io phase transition (52 °C), the feature at

243 nm disappears, and only the CD feature at 289 nm
remains. Cooling the film reproduces the same sequence of CD
spectra (Supporting Figure 3), although the feature at ∼240
nm at 25 °C has negative ellipticity. This difference may arise
because the Φh

k phase measured upon heating is the as-
prepared sample, whereas the Φh

k phase measured upon
cooling is generated by slow cooling from the isotropic phase.
This is indicative of a shorter range helical order, as would be
expected from distinct supramolecular spheres comprising only
six molecules in a continuous molecular stack. Further heating
reduces the intensity of the feature at 289 nm until, in the
isotropic melt (above 74 °C), no CD features are observed.
These data support extended helical order in the columnar Φh

k

phase and a disruption to the extent of that helical order in the
column-from-spheres Φh

io phase. The presence of a CD signal
in the Φh

io phase suggests lower range helical order, as
expected from the relatively short molecular stacks which
constitute the supramolecular spheres, but evidence that there
must be some helical order present in the Φh

io phase.
Therefore, the evolution of the CD of (S)-CTTV as a function
of temperature is consistent with a column-from-spheres
model in the Φh

io array of (S)-CTTV.

■ CONCLUSIONS
The structural and retrostructural analysis of a dendronized
cyclotetraveratrylene derivative, (S)-CTTV, has uncovered a
columnar array in which supramolecular columns are
constructed from supramolecular spheres. This structure
represents a new mechanism to self-organize supramolecular
columns that complements and expands upon existing
frameworks for the assembly of soft matter.45 Whereas this
column-from-spheres model had been previously invoked for
an intermediate phase between a columnar phase comprising
stacked crowns and a body-centered cubic phase comprising
supramolecular spheres,27 the column-from-spheres structure
observed for (S)-CTTV exists as a standalone phase without
subsequent transition to a cubic array. The lack of a cubic
phase is consistent with the self-assembly of a CTV
dendronized with the same minidendron,6a,c which also
assembled into only columnar phases. However, it remains
to be clarified why (S)-CTTV forms this intermediate column-
from-spheres structure yet is unable to transition to a 3D phase
generated from supramolecular spheres.
The supramolecular chirality of (S)-CTTV in the columnar

Φh
k phase was maintained in the column-from-spheres Φh

io

phase, albeit with lower magnitude as expected from the
shorter correlation length of helical molecular stacks. This
result reinforces previous observations that supramolecular
spheres assembled from crown- and disc-like molecules are
chiral.6,44 Previous work has also shown that spheres assembled
from conical molecules are chiral,11,46 although this has yet to
be generalized.
The column-from-spheres phase previously observed as an

intermediate phase between a columnar and a BCC phase was
implicated in the mechanism of supramolecular orientational
memory,27b a phenomenon that results in reorientation of
columnar domains during heating to and cooling from a cubic
phase of supramolecular spheres.27b,32b The demonstration
here that spheres in the column-from-spheres model are chiral
raises the question of how chirality is propagated and
transferred during supramolecular orientational memory.27b,32b

This question and the generality of columnar arrays
constructed from supramolecular spheres in soft matter are
under investigation.
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