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ABSTRACT: Memory effects, including shape, chirality,
and liquid-crystallinity, have enabled macroscopic materials
with novel functions. However, the generation of complex
supramolecular nanosystems via memory effects has not yet
been investigated. Here, we report a cyclotriveratrylene-
crown (CTV) compound that self-assembles into supra-
molecular columns and spheres forming, respectively,
hexagonal and cubic mesophases. Upon transition from
one phase to the other, an epitaxial relationship holds, via
an unprecedented supramolecular orientational memory
effect. Specifically, the molecular orientation and columnar character of supramolecular packing is preserved in the cubic
phase, providing an otherwise inaccessible structure comprising orthogonally oriented domains of supramolecular
columns. The continuous columnar character of tetrahedrally distorted supramolecular spheres self-organized from the
CTV derivative in the faces of the Pm3̅n lattice is the basis of this supramolecular orientational memory, which holds
throughout cycling in temperature between the two phases. This concept is expected to be general for other combinations
of periodic and quasiperiodic arrays generated from supramolecular spheres upon transition to supramolecular columns.
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Memory effects, in science and in society at large, allow
“a past event [to be] inferred from a present state”.1

Ölander discovered shape memory in AuCd alloys in
1932.2 Since then, shape memory has been observed in other
alloys, in ceramics, and in metals such as titanium.3−6 Recently,
memory effects have been transplanted from hard to soft
materials. Shape memory polymers,7−9 which adopt different
macroscopic shapes in response to an external stimulus, have
been designed for use as self-tying sutures10 and for other
biomedical applications.11 Chiral memory refers to the
preservation of induced chirality after removal of a chiral
inducer,12−14 whereas orientational memory in nematic liquid
crystals15 has been employed to develop liquid-crystal dis-
plays.16,17 Additional memory effects are expected to provide
new complex architectures with novel functions and
applications.
Libraries of self-assembling dendrons and dendrimers have

been utilized to discover a variety of nanoscale periodic and
quasiperiodic arrays self-organized from supramolecular
spheres, including Pm3 ̅n cubic,18−20 Im3̅m body-centered

cubic (bcc),21 P42/mnm tetragonal,22 and 12-fold liquid-quasi-
crystalline (LQC).23 These assemblies were recently general-
ized for self-organized soft condensed matter including block
copolymers and surfactants24−30 and have been studied
computationally.31−36 In this report, the supramolecular
columns generated from a self-assembling cyclotriveratrylene-
crown (CTV)37−39 were discovered to display an unprece-
dented supramolecular orientational memory effect at the
transition between columnar hexagonal with intracolumnar
order (Φh

io, P6mm) and cubic (Pm3 ̅n) phases. A complex
arrangement of orthogonal supramolecular columns, whose
orientations are preserved from the cubic phase upon cooling
to the columnar hexagonal phase, was observed. This new
architecture cannot be constructed by any other methodology
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except the supramolecular orientational memory introduced
here.

RESULTS AND DISCUSSION

Thermal, Structural, and Retrostructural Analysis by
Differential Scanning Calorimetry and X-ray Diffraction.
The (3,4,5)12G1-CTV dendrimer employed (Figure 1A) self-
organizes into hexagonal and cubic phases.37 This organization
was enabled by the crown conformation of CTV (Figure 1A),
which facilitates packing of the molecules into supramolecular
columns and spheres. Thermal and structural analysis by
differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) on powder and oriented fibers revealed the formation
of a columnar hexagonal crystal (Φh

k) below 18 °C which
transforms into a 2D Φh

io (P6mm) array at 18 °C during first
heating and to a cubic (Pm3 ̅n) lattice above 69 °C (Figure 1B−
E). Upon cooling at 1 °C/min, the cubic phase is observed
below 56 °C, followed by Φh

io at 30 °C and Φh
k at −12 °C.

Faster cooling requires annealing at 25 °C to replicate the
phase behavior observed upon initial heating.
Orientational Relationship Observed in XRD Patterns

of Oriented Fibers. XRD measurements were made on
extruded fibers of (3,4,5)12G1-CTV assemblies (Figure 2).
Extrusion of the fiber in Φh

io preferentially aligns the
supramolecular columns along the fiber axis, which is the
(001)hex direction (Figure 1B).38 Unexpectedly, an orienta-
tional relationship (Supporting Figure S1) was observed, first
upon heating from the Φh

io to the cubic (Pm3 ̅n) phase and
subsequently upon cooling from the cubic to the Φh

io phase
(compare Figure 2A, left and right panels). Such orientational
relationships may also be termed “epitaxy” or “epitaxial
relationships” to indicate the preservation of certain crystallo-
graphic directions upon the indicated phase transition.40−44

During a first-order transition between different phases, the
new phase often grows from “seeds” within the previous phase,
in which case there is no reason for any orientational
relationship between the two phases. If such a relationship
does exist, one would expect that it would either preserve local
structural units or some symmetry feature of the two lattices. In
the present case, Φh

io consists of columns dominated by π−π
interactions between aromatic units which are orthogonal to
the column axes,37 while the cubic (Pm3 ̅n) phase comprises
eight supramolecular spheres (Figure 1B and Supporting Figure
S1).18,19 Columnar hexagonal phases have a single axis with six-
fold rotational symmetry, while cubic Pm3 ̅n lattices have
multiple four-fold axes of rotation and four (111)cub axes with
three-fold symmetry along the body diagonals of the cube
(Figure 1B and Supporting Figure S1). One potential
orientational relationship would preserve an axis of three-fold
rotational symmetry, via alignment of one of the four (111)cub
cubic axes (Supporting Figure S1) with the columnar (001)hex
axis (Figure 1B and Supporting Figure S1). This particular
orientational relationship has been observed in lipids40−42 and
mixtures of block copolymers43 forming a bicontinuous Ia3 ̅d
cubic phase and in lipids44 and supramolecular dendrimers45

forming a Pm3 ̅n cubic phase. However, no mechanism of this
process has been proposed.
An alternative epitaxial relationship would preserve local

structural units insofar as possible so that, upon transformation
of the cubic phase to the hexagonal phase, adjacent
tetrahedrally distorted supramolecular spheres along one of
the three (200)cub directions merge to form columns aligned
along the (200)cub direction. To our knowledge, this relation-
ship has not been observed in any system to date. Small-angle
X-ray scattering (SAXS) oriented fiber measurements (Figure
2A,C) demonstrate that this latter path is obtained in

Figure 1. (A) Molecular structure of (3,4,5)12G1-CTV. (B) Schematic representation of columnar hexagonal with intracolumnar order, Φh
io

(P6mm) and cubic (Pm3 ̅n) periodic arrays. In the cubic unit cell, flattened disk-like units represent tetrahedrally distorted supramolecular
spheres. (C) DSC traces of (top) first heating and cooling at 10 °C/min and (bottom) heating at 5 °C/min after annealing at 25 °C for 28
days. (D) Small-angle powder XRD plots measured at indicated temperature and phase. (E) Selected wide-angle XRD plots of the (top) cubic
(Pm3 ̅n) and (bottom) Φh

io (P6mm) phases. Vertical lines indicate calculated diffraction peak positions.
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assemblies of (3,4,5)12G1-CTV. Upon heating, the original
orientation of the column axis ((001)hex) becomes the
orientation of nearest-neighbor spheres in the cubic (Pm3̅n)
phase ((200)cub), and upon cooling, supramolecular columns in
the Φh

io phase orient in the direction defined by nearest-
neighbor spheres at the face positions of the cubic unit cell, that
is, along the (200)cub, (020)cub, and (002)cub directions (Figure
1B). Hence the orientation of the nearest-neighbor spheres in
the cubic phase can be inferred from the orthogonal orientation
of the supramolecular columns of the Φh

io phase. This
represents the first example of (001)hex to (200)cub epitaxy
(Supporting Figure S1) in a structure organized from a single
self-assembling building block.
Wide-angle X-ray scattering (WAXS) fiber and powder

experiments (Figure 2B,D,E) provide additional information on
the structures self-organized from (3,4,5)12G1-CTV in the
Φh

io and cubic (Pm3 ̅n) phases. A strong 3.9 Å feature associated
with π−π stacking correlations between dendrons in Φh

io is
observed both in the original oriented fiber and in a cycled

fiber, which was heated to 80 °C and cooled to 25 °C four
times (Figure 2B,E). Due to the three-dimensional orthogonal
reorientation of the columns, in the cycled fiber, the 3.9 Å π−π
stacking features appear in the equatorial position, as well as in
the meridional position. This supports the hypothesis that the
supramolecular orientational memory of the hexagonal-to-cubic
phase transition is mainly dictated by the strong core−core
aromatic interactions which preserve local packing. Core
stacking features at 4.9 Å and diffuse off-meridional helical
features were identified in the XRD pattern of the original
oriented fiber (Figure 2B). This stacking value was used to
calculate a density of one molecule per 4.9 Å column stratum in
the Φh

io array (Supporting Table ST1). Tilt features in the
original oriented fiber and cycled fiber indicate that the alkyl
chains of (3,4,5)12G1-CTV are tilted down from the
molecular stratum by 26°, in agreement with the expected tilt
value of the CTV (Figure 2B,D,F).37,39 These alkyl chains are
melted in the high temperature cubic (Pm3̅n) phase, as

Figure 2. (A) Small-angle X-ray scattering and (B) wide-angle X-ray scattering patterns of (3,4,5)12G1-CTV. (C,D) Azimuthal plots of the
patterns in (A) at q10 and q200 and (B) at q = 1.4 Å−1. (E) Meridional q plots of the patterns in (B). (F) Molecular model of (left) a
(3,4,5)12G1-CTV molecule and (right) a supramolecular column self-assembled from (3,4,5)12G1-CTV. Molecular models of the
supramolecular sphere are presented in Figure 3D, E.
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indicated by the presence of a broad peak at the 4.5 Å average
alkyl chain correlation length (Figure 2E).
These structural results demonstrate that the cycled structure

recovers the Φh
io phase but is oriented in multiple orthogonal

directions. The (001)hex axis of the original Φh
io phase

establishes one of three (200)cub directions such that the
other (200)cub directions are orthogonally distributed randomly
about that axis. Each (200)cub direction then establishes a
(001)hex direction in the re-formed Φh

io phase to produce
columnar hexagonal domains aligned along all of the former

Figure 3. Electron density maps of the (A) Φh
io and (B) cubic (Pm3 ̅n) phases reconstructed from XRD data. The top of the figure illustrates

the pseudohexagonal symmetry adopted during the phase transition. In (B), the three colored arrows point toward the three orthogonal
directions with pseudohexagonal symmetry. (C) Schematic representation of face (blue) and center (yellow) tetrahedrally distorted spheres of
the Pm3̅n lattice. (D,E) Possible mechanisms of transformation from the supramolecular column (D) to spheres with columnar character in
the faces of the cubic phase (E). For simplicity in (D,E), alkyl chains are not shown. Color code: H atoms, white; O atoms, red; C atoms of the
dendron aromatic benzyl, green, dark or light blue; all other C atoms, gray.

Figure 4. (A) Upon the phase transition, the expected rotational symmetry is broken to conserve the pseudohexagonal and hexagonal
symmetries. Color code in (A): blue, original orientation preserved by the corner/center spheres; yellow, face spheres of the cubic phase. (B)
Depiction of reorientation of hexagonal microdomains according to the cubic lattice. In the cubic unit cell, flattened disk-like units represent
tetrahedrally distorted spheres. (C) Columnar character in the supramolecular spheres of the cubic phase. Color code in (B,C): blue, original
orientation; red and orange, columns or spheres “reoriented” in a direction perpendicular to the original one; yellow, center or corner spheres
of the cubic phase that can adopt the blue, red, or orange orientation.
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(200)cub directions. The cycled fiber orientation was inves-
tigated in both the Φh

io (fibers monitored at 23 °C over several
months) and the Pm3 ̅n phase (fiber monitored for 3 h at 85
°C), and the preferred orthogonal orientation was found to be
stable in time. The data reported in Figure 2 were repeated with
different batches of fibers in which the cycling between phases
was repeated six times. These fibers were remeasured 3 months
later to confirm the stability of the preferred orientation.
Molecular Model of (3,4,5)12G1-CTV. The model for

(3,4,5)12G1-CTV packing in columns based on SAXS and
WAXS powder and oriented fiber data is shown in Figure 2F.
Tilt features in oriented XRD patterns (Figure 2B,D) suggest
an angle of 26°, consistent with the crown conformation of the
CTV (Figure 2F). This intramolecular tilt facilitates stronger
interaction between the outer aromatic regions of adjacent
molecules (denoted by the 3.9 Å π−π stacking feature in Figure
2B,E) than between the relatively large CTV of adjacent
molecules (denoted by the 4.9 Å separation feature in Figure
2B,E). The helical features at 14.8 Å (Figure 2B), taken with
the 4.9 Å separation distance, imply that there are three
molecules per repeating unit of the helical column (Figure 2F).
Due to the three-fold axis of rotational symmetry in
(3,4,5)12G1-CTV, this suggests that molecules are rotated
by 40° with respect to their neighbor in the column.
The Φh

io phase comprises cofacially stacked (3,4,5)12G1-
CTV which maximize aromatic π−π interactions, while the
Pm3̅n phase contains eight supramolecular spheres whose
assembly is driven by phase segregation of high electron density
aromatic regions and low electron density melted aliphatic
domains. This phase segregation is demonstrated by Figure
3A,B, which compares the reconstructed electron density map
of the hexagonal Φh

io phase with the volumetric representation
of the electron density of the Pm3̅n phase based on the powder
XRD data from Figure 1D (histograms in Supporting Figure
S5).
Mechanism of Supramolecular Orientational Memory

and Structure of Supramolecular Spheres. The mecha-
nism of the cubic−hexagonal supramolecular orientational
memory can be understood by examining the structure of the
two phases (Figure 4). The tetrahedrally distorted spheres from
the faces of the Pm3 ̅n lattice18,20 exhibit columnar character
along the three (200)cub directions

18−20 (see orange, red, and
blue in Figure 4B). These tetrahedrally distorted spheres18,20

form pseudohexagonal structures deformed by less than 6%
from true hexagonal symmetry (Figure 3A,B). If the path for
the orientational memory had been (001)hex to (111)cub, as will
be reported for other cases, rather than (001)hex to (200)cub as
reported here (Figure 1B and Supporting Figure S1), face
spheres (Figure 4A, yellow) would require a large translation to
integrate into the hexagonal columns. This process would
involve substantial disruption to the strong aromatic core
interactions. Instead, the tetrahedrally distorted face spheres
merge along the (200)cub direction dictated by their continuous
columnar character into supramolecular columns (Figure 4C,
path A), which shift slightly to form hexagonal symmetry
(Figure 4B). In the reverse process, formation of the corner
spheres requires only a short translation, while formation of the
face spheres requires local reorientations of the molecules but
almost no translation of the columns because the lattice
parameter of the cubic phase is almost double that of the
hexagonal phase (Figure 3A,B).
A simplified way to envision the mechanism of the

supramolecular orientational memory effect is to introduce

conceptually a noncovalently bonded supramolecular unit
containing multiple molecules. The helical features (Figure
2B) demonstrated that the intrinsic three-fold symmetry of the
(3,4,5)12G1-CTV unit generated a long-range 31-helical
columnar packing (Figure 2F). It is probable that the high-
order rotational symmetry of (3,4,5)12G1-CTV coupled with
the observed tilt (Figure 2B,F) can generate a supramolecular
unit of n dendrimers. The interior of this n-dendrimer unit
comprises an interlocked aromatic core defined by the strongly
interacting CTV which dictates the well-defined preferential
orientational axis of the n-molecule unit at all temperatures
(Figure 3E), while the exterior of the n-molecule unit is a
“softer” spherical (at high temperature) or “harder” cylindrical
(at low temperature) with outer shell formed by alkyl chains.
This n-dendrimer unit acts as a single structural entity upon
cycling between the two phases: the tetrahedrally distorted
spheres recouple into columns at low temperatures and
separate back into spheres at high temperatures, while retaining
their specific preferred direction at any temperature below the
isotropization temperature.
Figure 3D,E depicts two models for the formation of

supramolecular spheres with columnar character from the
supramolecular columns of (3,4,5)12G1-CTV. The supra-
molecular orientational memory observed by XRD (Figure 2)
indicates that molecules are distributed into supramolecular
spheres in the cubic phase. The experimental density (ρ = 0.96
g/cm3 at 20 °C; Supporting Table ST1) and lattice parameters
of the Pm3 ̅n cubic phase (Figure 2) indicate that there are, on
average, six dendrimers per supramolecular sphere. This is
consistent with three packing models for the aromatic CTV, as
shown in Figure 3E. The lattice parameter of the cubic phase (a
= 72 Å) represents 15−16 molecules within a column of the
Φh

io phase divided into two distorted spherical units (Figure
3D,E). A possible saddle conformation,39,46 rather than a crown
conformation, for the CTV of the middle dendrimer of the
spheres in Figure 3E (center) cannot be excluded. However,
the saddle conformation has been demonstrated to be a
transient metastable conformation and is therefore unlikely to
persist in the supramolecular assemblies.39,46

The orientational memory observed in the hexagonal phase
on cooling relies on the continuous columnar character of the
tetrahedrally distorted spheres from the faces of the cubic phase
(Figures 3E and 4C). During the transition from the Pm3 ̅n to
the Φh

io phase, each of the three (200)cub directions in a given
domain is inherited as a (001)hex columnar direction, so that
new columnar orientations are established perpendicular to the
original direction (Figure 4B). The orientation of the face
spheres inherited from the Φh

io phase (blue in Figure 4B,C)
induces orthogonal reorientation in the other two directions
(red and orange in Figure 4C). The mechanism via which
center and corner spheres are integrated into the supra-
molecular columns is not yet elucidated. Information about the
cubic axes can be inferred from the orientation of supra-
molecular columns in the hexagonal phase, and hence we term
this new memory effect supramolecular orientational memory.

Visualizing Supramolecular Reorientation by Polar-
ized Birefringence Microscopy. To determine whether the
orthogonal reorientation is a local process on the unit cell scale
(Figure 4C, path B) or a larger-scale process (Figure 4C, path
A), birefringence microscopy experiments were performed
(Figure 5A). A thin film in which the supramolecular columns
of the hexagonal phase were oriented in the plane of the film
(Figure 5A) was heated to 71 °C, where it was held for 1 h
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(Figure 5B). It was then heated at 1 °C/min to 75 °C and held
for 5 min. After being cooled at 0.4 °C/min to 26 °C and
reheated at 2 °C/min to 60 °C, the birefringence was
measured. A bimodal orientation with two peaks of comparable
intensity separated by 90° orientation was observed (Figure
5D,E). The lack of intermediate orientations is apparent from
the dearth of green shades in the orientation maps (Figure
5F,G). One prominent orientation was parallel to the original
orientation (φ ∼ 149°) and the other perpendicular (φ ∼ 59°),
consistent with a reversible epitaxial relationship between the
cubic and columnar phases. The two in-plane columnar
orientations arising from epitaxy from the cubic phase are
well mixed (Figure 5F), with the proportion of one or the other
in a particular neighborhood having some randomness (Figure
5G). The structure coarsens with annealing, while regions of
one orientation swallow the other. This behavior signals that
columnar orientation, by epitaxy from the cubic, is a local
statistically random process, supporting strongly the concept of
shared supramolecular arrangement between the cubic and
hexagonal phases.

CONCLUSIONS
We have demonstrated that supramolecular spheres self-
assembled from (3,4,5)12G1-CTV-crown self-organize into
Φh

io (P6mm) and cubic (Pm3 ̅n) phases with preferred
orientation. The orientational preference of the supramolecular
spheres in an aligned Φh

io is preserved upon heating to Pm3 ̅n
and again upon cooling to Φh

io, generating a complex
architecture featuring orthogonally oriented columnar hexago-
nal microdomains which cannot be generated through any
other mechanism known to us. The only mechanism that
explains both the direction and the reversibility of this memory
effect invokes the formation of supramolecular tetrahedrally
distorted spheres with a preferred orientation. This orienta-
tional relationship is introduced here as the concept of
supramolecular orientational memory. The supramolecular
structural units of materials with supramolecular orientational
memory remember their orientations during phase transitions.
In the present system, we observe a (001)hex to (200)cub
supramolecular orientational memory effect in the assemblies
of (3,4,5)12G1-CTV. The strong interactions between CTV
molecules are preserved by a (001)hex to (200)cub epitaxial
relationship and provide a driving force for (001)hex to (200)cub
memory rather than the (001)hex to (111)cub relationship to be
reported soon and also observed in biphasic mixtures.40−44 This
concept is expected to be elaborated for further Pm3̅n cubic
phases known also as Frank-Kasper A15 structures47 and will be
reported soon in other 3D phases generated from spheres, such
as Im3 ̅m bcc cubic,30 P42/mnm tetragonal,24,29 and LQC26,28 at
their transition to various columnar phases. It is also expected
that this concept will be transplanted from self-assembling
dendrimers to block copolymers,24,26,28,29 surfactants,25 and
other soft matter27,28 displaying this combination of phases.
Therefore, supramolecular orientational memory is expected to
become a general concept for the creation of otherwise
inaccessible complex supramolecular architectures with as yet
unknown functions. Novel functions derived from these new
complex arrangements of orthogonal columns via the supra-
molecular orientational memory effect reported here are under
investigation and will be reported soon.

METHODS
Synthesis of (3,4,5)12G1-CTV. (3,4,5)12G1-CTV37 was synthe-

sized from (3,4,5)12G1-CH2OH48−50 according to previously
reported procedures (Supporting Scheme SS1). The purity and the
structure identity of the intermediary and final products were assessed
by a combination of techniques that includes thin-layer chromatog-
raphy, high-pressure liquid chromatography, 1H and 13C NMR, and
matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry.

Differential Scanning Calorimetry. Thermal transitions were
measured on TA Instruments 2920 modulated and a Q100 differential
scanning calorimeter integrated with a refrigerated cooling system.
Heating and cooling rates are indicated in Figure 1C. The transition
temperatures were measured as the maxima and minima of their
endothermic and exothermic peaks. Indium was used as the standard
for the calibration.

Density Measurements. For density measurements, a small mass
of sample (∼0.4 mg) was placed in a vial filled with water followed by
ultrasonication to remove the air bubbles embedded within the
sample. The sample sank to the bottom of the vial due to its high
density compared with water. A saturated aqueous solution of
potassium iodide (KI) was then added into the solution at ∼0.1 g
per aliquot to gradually increase the solution density. KI was added at
an interval of at least 20 min to ensure equilibrium within the solution.
When the sample was suspended in the middle of the solution, the

Figure 5. (A) Hexagonal phase after shearing. Columns are nearly
uniformly oriented perpendicular to the director lines shown. (B)
Decay of birefringence in the cubic phase. (C−E) Orientation
distributions of (C) the original film before heating and cooling
and (D,E) selected regions of the film after heating and cooling as
described in the main text. (F,G) Two representative regions with
90° separated bimodal birefringence in the hexagonal phase after
cooling from the cubic phase. Each image (A,F,G) spans 60 μm
from top to bottom (scale bars indicated). Color code: orange,
original orientation (φ ≈ 149°); blue, second orientation (φ ≈
59°).
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density of the sample was identical to that of the solution, which was
measured by a 10 mL volumetric flask.
X-ray Diffraction. XRD measurements were performed using Cu

Kα1 radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating
anode X-ray source equipped with a 0.2 × 0.2 mm2

filament and
operated at 3.4 kW. Osmic Max-Flux optics and triple pinhole
collimation were used to obtain a highly collimated beam with a 0.3 ×
0.3 mm2 spot on a Bruker-AXS Hi-Star multiwire area detector. To
minimize attenuation, and background scattering, an integral vacuum
was maintained along the length of the flight tube and within the
sample chamber. Samples were held in glass capillaries (1.0 mm in
diameter), mounted in a temperature-controlled oven (temperature
precision = ±0.1 °C, temperature range from −10 to 210 °C). Aligned
samples for fiber XRD experiments were prepared using a custom-
made extrusion device.51 The powdered sample (∼10 mg) was heated
inside the extrusion device. After slow cooling, the fiber was extruded
in the liquid-crystal phase and cooled to 23 °C. Typically, the aligned
samples had a thickness of 0.3−0.7 mm and a length of 3−7 mm. All
XRD measurements were done with the aligned sample axis
perpendicular to the beam direction. Primary XRD analysis was
performed using Datasqueeze (version 3.0.5).52

Molecular Modeling and Simulation. Structural and retrostruc-
tural analysis53,54 was performed via molecular modeling and
simulation experiments as reported previously.18,39,55,56 XRD patterns
were measured of oriented fiber and powder samples. Diffraction
features and lattice parameters obtained using Datasqueeze (version
3.0.5)52 were used with helical diffraction theory55 to generate initial
molecular and supramolecular models, using Accelrys Materials Studio
(versions 3.1 and 5.0). Geometry optimization was performed using
the VAMP module. The XRD pattern expected from this model was
simulated using Accelrys Cerius.2 The simulated and experimental
XRD patterns were compared, and the supramolecular model was
refined.39 Electron density maps reconstructed from XRD were also
used to assess the validity of the proposed supramolecular model
(Supporting Figure S3).18,56 This process of XRD simulation and
model refinement was repeated iteratively until the level of agreement
between simulated and experimental XRD patterns was agreeable.
Polarized Light Microscopy and Birefringence Measure-

ments. Birefringence measurements were performed with a Metripol
birefringence microscope (Oxford Cryosystems), which is based on
the Wood and Glazer method.57 Monochromatic light (λ = 550 nm) is
sent through a rotating polarizer into the sample, then through a
quarter wave plate and an analyzer into a CCD camera (10 bit
Firewire; Scion CFW-1310 M high-resolution; 1360 × 1024 pixels),
which measures the light intensity I. Other measured quantities are the
phase difference, θ, between two orthogonally polarized components
and the orientation angle, ϕ, of the sample’s principal axis. I, θ, and ϕ
are inter-related:

ω τ φ θ= + −I I
1
2

[1 sin{2( )}sin ]o pol m

Io is the transmittance, and ωpol and τm denote the polarizer’s
rotational frequency and the measurement time, respectively. A map of
the orientation angle ϕ is shown in Figure 5. Checks and calibrations
performed on the system included alignment and light intensity
uniformity check, assessment of optical path polarization state without
the sample, and assessment of the camera’s dark noise and linear
response from 0 to 80% of its dynamic range. A 40× objective lens
(NA = 0.65; magnification = 0.116 μm/pixel) was used.
A few small grains of (3,4,5)12G1-CTV were sheared between two

microscope coverslips held at approximately 49 °C. Shearing the
material thus in the Φh

io phase produced a high degree of alignment of
the columns parallel to the shearing direction. Shearing was continued
until the slides easily separated, leaving highly aligned films on each
surface (Figure 5A,C). One slide was removed, and the remaining slide
was observed during heat treatment. After the sample was held
momentarily at 49 °C, it was then heated to 71 °C and the
birefringence was monitored. At this temperature, the cubic phase is
stable and the birefringence associated with the columnar phase
decayed over a period of several minutes (Figure 5B). The sample was

then heated to 75 °C and subsequently cooled from 75 °C at 0.4 °C/
min to 26 °C and then heated at 2 °C/min to 60 °C and held at that
temperature for 2 h. As birefringence returned, the orientation
distribution became bimodal (Figure 5D,E), exhibiting two mutually
orthogonal column orientations, one being parallel to the original
direction.
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Supporting Scheme SS1. Synthesis of (3,4,5)12G1-CTV 

 

 

 

 

 

 

Supporting Figure S1. Comparison of orientational relationships observed in (A) previously reported 

Ia3̄d and Pm3̄n cubic phases with (B) the current Pm3̄n cubic phase. 
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Supporting Figure S2. Comparison of the electron density profile in the columnar hexagonal phase 

based on the molecular model shown and the one calculated from the X-ray powder diffraction data. 

 

 

 

Supporting Figure S3. Molecular model overlaid to scale on the reconstructed relative electron density 

maps of the hexagonal phase (a) and of the z = 0 plane of the cubic phase (b). Color code: for the 

molecular model the aromatic region is red and the aliphatic region blue; for the electron density map 

the high electron density region is yellow. The periphery of the spheres in columnar and cubic phase is 

filled via interdigitation and trans-gauche conformation of the alkyl region. We remark that the aliphatic 

region accounts for the 72% the compound molecular weight. 
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Supporting Figure S4. Alternative electron density solution: the histogram does not fit the expected 

aromatic to aliphatic electron density distribution (Supporting Figure S5C). In addition, the shape of the 

high electron density region is twisted, generating frustration of the large aromatic core packing. 
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Supporting Figure S5. Histograms of the electron density distribution using the indicated sign of the 

diffraction peak amplitudes: (a) calculated for the hexagonal phase from the two-dimensional 

reconstructed relative electron density; (b, c) calculated for the cubic phase using the three-dimensional 

distribution of the relative electron density in the unit cell. The presence in (c) of a large distribution 

toward the higher value of the electron density was used to eliminate this choice. The structure has 

approximately 28% weight of aromatic, thus the region with high electron density is expected to not 

dominate the distribution. 

 

 

 

 

 

Supporting Figure S6. Columnar character in the supramolecular spheres of the cubic phase. Diagrams 

show the lattice of the cubic phase from top view. Path A and B correspond to two mechanisms for 

supramolecular orientation memory as introduced in Figure 4. Color code: blue–original orientation; red 

and orange–columns or spheres “reoriented” in a direction perpendicular to the original one; yellow–

center or corner spheres of the cubic phase that can adopt the blue, red or orange orientation. 
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Supporting Table ST1. Structural and Retrostructural Analysis of (3,4,5)12G1-CTV 

 
T 

(°C) 

phase a d10, d11, d20 b 

d200, d210, d211 c 

A10, A11, A20 
d 

A200, A210, A211 
e 

a f 

(Å) 

ρ20 
g 

(g/cm3) 

μ h 

62 Φhio 34.9, 20.2, 17.5 b 79.1, 1.05, 12.7 d 40.8 0.96 0.99 

80 Pm3̄n 35.9, 32.1, 29.4 c 24.2, 30.6, 26.4 e 72.3 0.96 6.56 
a h,io – columnar hexagonal phase with intracolumnar long range order, Pm3̄n – cubic phase; 
b dhk – d-spacing of the (hk0) reflection of Φh

io 
c dhkl – d-spacing of the (hkl) reflection of Pm3̄n 
d Ahk – scaled Lorentz-corrected amplitude of the (hk0) reflection of Φh

io calculated from the diffraction 

peak area and corrected for multiplicity 
e Ahk – scaled Lorentz-corrected amplitude of the (hkl) reflection of Pm3̄n calculated from the 

diffraction peak area and corrected for multiplicity 
f a – lattice parameter calculated for Φh

io using    33d4d3d2a 201110  , and for Pm3̄n using 

  3d6d5d4a 211210200   
g ρ20 – experimental density measured at 20 °C 
h μ – for Φh

io the average number of dendrimers per column stratum calculated using    MtaNA 23 2 0

2    

where t = 4.94 Å is the average column strata thickness, and for Pm3̄n the average number of 

dendrimers per supramolecular sphere calculated using  MNa A 8/3  ; in both cases, NA = Avogadro’s 

number = 6.022 × 1023 mol–1, and M = molecular weight of the dendrimer = 4224.9 g/mol. 

 


