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A supramolecular orientational memory (SOM) effect that provides access to complex columnar 
hexagonal architectures that cannot be designed by any other methodology was recently reported by our 
laboratory. This SOM concept is encountered upon heating and cooling a hexagonal columnar periodic 
array via a Frank–Kasper phase that is generated from supramolecular spheres. Here, a library of twenty- 
four supramolecular spheres self-organizing into Frank–Kasper phases and columnar hexagonal arrays 
was investigated for SOM. Twenty of these supramolecular spheres, that were self-assembled from conical 
shaped dendrons, did not exhibit SOM. The four supramolecular spheres assembled from covalent 
and supramolecular dynamic crowns displayed SOM. The supramolecular dynamic crowns forming 

spheres by a strong and directional H-bonding process, generated via SOM, a previously unencountered 

distorted dodecahedral architecture constructed from hexagonally ordered supramolecular columns. 
Therefore, SOM can discriminate between mechanisms of self-assembly of supramolecular spheres, a 

process that cannot be accomplished by analysis with X-ray diffraction methods alone. These results 
will facilitate access to the design of new complex columnar hexagonal and other periodic columnar 
array architectures via SOM. 
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Introduction 

The elucidation of the hierarchical mechanisms of emergence,
corruption and loss of memory, and the discovery of new memory
effects represent some of the greatest challenges of natural
 license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ciences. Memory is one of the most fundamental and complex
unctions of biological, synthetic and societal complex systems 
hat involves the process by which information is encoded, stored
nd retrieved when needed. In the medical field some of the most
hallenging problems to be solved are the Alzheimer’s and Prion
iseases that are considered to be associated with the erroneous
olding of β-sheets and their aggregation into toxic fibrils and
rions [1–6] . In synthetic systems memory effects were observed
n the early days of the previous century. Shape memory of AuCd
lloys was discovered in 1932 [7] and since then has been observed
n other alloys, ceramics and metals [8–11] . Memory in soft
ondensed matter provided shape memory polymers [12–14] with 

iomedical applications [15] . Orientational memory provided the 
idely used technology of liquid crystal displays [16–18] . Chiral
emory is a more recent event discovered [19–22] . 
The most recently discovered memory effect is the 

upramolecular orientational memory (SOM) effect [23–25] . 
 detailed description of this memory concept will be presented
n a different part of the manuscript. The first SOM effect was
iscovered upon heating at the transition from the columnar 
exagonal array of supramolecular dendrimers to their P m ̄3 n
ubic or A15 Frank–Kasper phase and cooling back to their
olumnar hexagonal phase [23] . A second example of SOM
as observed at the transition from the columnar hexagonal 
hase of supramolecular dendrimers to their Im ̄3 n body centered
ubic (BCC) phase and back to their columnar hexagonal array
24] . In both cases a covalent crown-conformation of a self-
ssembling dendrimer was found to be responsible for the SOM
ffect. These two examples of SOM provided access, for the
rst time, to complex orthogonal and tetrahedral arrangements 
f columnar hexagonal periodic arrays. It is expected that 
he elucidation of the hierarchical mechanism of emergence 
f SOM from supramolecular columnar hexagonal and other 
Fig. 1 

he mechanism (a) of reversible transformation of supramolecular columns from a 
CC (c) and Pm ̄3 n or A15 Frank–Kasper (d) periodic arrays. The close contact spher
heir (100), (111), or (200) directions indicated at the end of the arrow. These are the c
attices that were demonstrated by electron density maps [44,45,50] shown with the

 

olumnar assemblies to all cubic, quasicrystal and Frank–Kasper 
hases of supramolecular dendrimers [23–28] will generate a new 

ynthetic methodology to self-organize unprecedentedly complex 
rrangements of supramolecular assemblies in soft condensed 
atter. Novel functions are expected to derive from them. Since 
rank–Kasper phases were also discovered in block copolymers, 
iant molecules and surfactants, it is expected that SOM may be a
eneral concept that could facilitate access to new morphologies 
nd functions. Cubic A15 and BCC phases, quasicrystals and 
rank–Kasper phases are generated from spherical supramolecular 
endrimers. Two mechanisms of self-assembly of spherical 
upramolecular dendrimers are currently available: from a 
ragment of a sphere the smallest one being a conical-shape 
nd from a covalent crown-shape. This manuscript will first 
earch through libraries of conical and crown self-assembling 
endrimers to elucidate if both of these two conformers form 

pheres that facilitate the SOM effect. Since the SOM experiments 
eported so far were performed with covalent crown-conformers 
enerated spheres, the second experiment will address the 
upramolecular spheres generated from supramolecular dynamic 
rown-conformers. The results of these experiments will facilitate 
ccess to the design of the SOM effect both in supramolecular
endrimers as well as in other supramolecular systems forming 
rank–Kasper phases. 

ethods 
ifferential scanning calorimetry (DSC) 
hermal transitions were measured on TA instrument 2920 
odulated, and Q 100 DSC integrated with a refrigerated cooling 

ystem (RCS). The heating, and cooling rates were 10 °C/min. 
he transition temperatures were measured as the maxima, and 
inima of their endothermic, and exothermic peaks. Indium was 
sed as calibration standard. 
columnar hexagonal assembly (b) into supramolecular spheres (a) present in 
es in the BCC (c) and A15 (d) are indicated with colored arrows together with 
lose contact sphere directions or continuous supramolecular spheres in cubic 
 colored arrows in the bottom part of panel (a). 
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Fig. 2 

Self-organization of conical and crown-like conformations of dendrons and dendrimers into chiral spheres and their BCC, A15, σ and liquid quasicrystal (LQC) 
assemblies. The closed contact spheres are colored, and their direction is shown by an arrow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fiber preparation 
Well-aligned fiber was made by using a custom extrusion device.
About 10 mg of samples were aligned in solid state with force
subjected during extrusion at 25 °C for fiber preparation (Figure
S1). Heat may be needed to make well-aligned fibers from time
to time. A heater was used for 3–5 s to heat up the sample
powder before extrusion. Fibers were loaded in a capillary to carry
out XRD experiments. In general, the thickness of the extruded
fiber is around 0.5 mm and the length is around 5 mm. All XRD
experiments were carried out with fiber axis perpendicular to the
beam direction. 

X-ray diffraction (XRD) 
XRD measurements were performed in the two following X-ray
scarttering facilities. 

Multi-angle X-ray scattering facility (MAXS) 
XRD experiments were conducted by using Cu-K α radiation
( λ = 1.54178 Å) from a Bruker-Nonius FR-591 rotating anode
X-ray source equipped with a 0.2 ×0.2 mm 

2 filament operated
at 3.4 kW. The radiation from Cu target was collimated and
focused with Osmic TM confocal optics followed by circular
pinholes, and a Bruker Hi-Star TM multiwire (area) detector was
used to detect the scattered radiation. An integral vacuum
was maintained along the length of the flight tube and
within the sample chamber view the view to minimizing
attenuation and background scattering. Samples were held in
thin glass capillaries (1.0 mm in diameter), mounted in a
temperature-controlled oven (temperature precision: ±0.1 °C,
temperature range from –120 °C to 270 °C). The sample-to-
detector distance was kept at 54.0 cm with a q -range of
0.02–0.38 Å 

−1 . 

Dual-source and environmental X-ray scattering facility (DEXS) 
XRD experiments were conducted by using Cu-K α1 radiation
( λ = 1.54178 Å) from Xeuss 2.0 with the slits of 1.2 ×1.2 mm for
high flux and 0.7 ×0.7 mm for high resolution. 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.
Powdered sample ( ∼10 mg) was heated inside the extrusion
device. Sample-to-detector distance was 550 mm. Additional
measurements to verify indexed parameters were performed with
a sample-to-detector distance of 160 mm. Primary XRD analysis
was performed using Datasqueeze (version 3.0.5). 

Results and discussion 

A brief discussion to the Frank–Kasper phases and quasicrystals 
in soft condensed matter 
Frank–Kasper phases were discovered in metal alloys containing
d-orbitals and reported in 1958 [29] and 1959 [30] by Sir
Charles Frank and Kasper. Subsequently they were discovered
in the condensed phases of small molecules such as N 2 [31–36] ,
CO [37] and O 2 [38–41] , in lipids [42,43] , in supramolecular
dendrimers [44,45] and in self-organizable dendronized polymers
[46] . Soon after these discoveries the P m ̄3 n periodic array
known also as the Frank–Kasper A15 phase was discovered
in numerous libraries of quasiequivalent constitutional
isomeric supramolecular dendrimers [47–71] and the prediction
of the primary structure of self-assembling dendron and
dendrimer forming this phase was immediately elucidated
via quasiequivalent constitutional isomeric building blocks.
Spherical supramolecular dendrimers are the first examples
of monodisperse supramolecular polymers. The discovery of
spherical supramolecular dendrimers forming the A15 Frank–
Kasper phase was inspired by the structure and the elucidation
of the mechanism of self-assembly of icosahedral and rod-like
viruses by Aaron Klug [72] . A brief history of this discovery
was written by invitation [73] . The discovery of the Frank–
Kasper A15 phase in supramolecular dendrimers instigated
theoretical and molecular dynamic simulation experiments
[74–76] . The discovery of supramolecular spherical dendrimers
that self-organize in tetragonal lattice symmetry P 4 2 / mnm or
σ Frank–Kasper phase [77] and quasicrystals [78] followed. All
these phases were also discovered in self-organizable dendronized
polymers [70] . In 2010 Bates laboratory reported the discovery of
the σ Frank–Kasper phase in block copolymers [79,80] . This was
3 
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Fig. 3 

Structural and retrostructural analysis of supramolecular assemblies generated from the self-assembling (3,4,5)12G1-CTV (a) and (3,4Pr-3,4,5)12G2-PBI (e) crowns 
by small-angle x-ray diffraction (XRD) experiments (b, f ) performed on oriented fibers obtained by extrusion at 25 °C along the (001) hex direction. Azimuthal plot of 
the XRD patterns in (b) along (100) hex and (200) cub (c). Schematic representation of the transition from columnar hexagonal with intracolumnar order �h 

io ( p 6 mm ) 
to cubic ( Pm ̄3 n , A15) lattice on first heating and cooling to generate the supramolecular orientational memory effect that results in an orthogonal architecture of 
columns arranged in a �h 

io array (d). Close-contact spheres are colored in blue, red and orange in the cubic unit cell and are responsible for the formation of the 
orthogonal architecture of columns. XRD of the assemblies of (3,4Pr-3,4,5)12G2-PBI (e) are shown in (f ). Azimuthal plot of the patterns from (f ) are in (g) along (100) 
and (110) directions. Schematic representation of the lattice transition between columnar hexagonal with intracolumnar order �h 

io ( p 6 mm ) and cubic (BCC) lattice 
on first heating and cooling (g). The transition from �h 

io to the BCC array with its close-contact spheres colored in blue, red, green and brown are responsible for 
the formation of tetrahedral arrangement of columns upon cooling (h). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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oon followed by the discovery of the quasi-crystal phase in block
opolymers [81] and the C14, C15 Frank–Kasper phases also in
lock copolymers [82] . In 2013 the Frank–Kasper A15 phase was
iscovered also in surfactants by the Mahanthappa laboratory 
83] . In subsequent years the same laboratory discovered the
[84] , C14 and C15 [85] phases in surfactants. In 2015 Cheng

aboratory discovered the Frank–Kasper A15 phase in giant 
urfactants [86] . The similar giant molecules provided the σ

87] , quasicrystal [88] phases, and the Z phase [89] . Recently,
NA complexes [90] and sugar-polyolefin block copolymers 
91,92] with Frank–Kasper phases were reported. The advantage 
a

 

f working with self-assembling dendrons and dendrimers is their 
onodisperse structure that provides access to first order phase 

ransitions in both differential scanning calorimetry (DSC) and 
-ray diffraction experiments [26] . 

ierarchical mechanism of reversible transformation of 
olumnar to spherical supramolecular dendrimers 
ig. 1 outlines this mechanism of reversible transformation of 
olumnar to spherical supramolecular dendrimers. The molecules 
n the supramolecular columns move to create regions of higher 
nd lower electron density and ultimately produce orientationally 



Giant, 1, 2020, 100001 

Fu
ll-
le
ng

th
 
ar
ti
cl
e 

Fig. 4 

Structural and retrostructural analysis of supramolecular dendrimers self-assembled from conical carboxylate salts conformers and conical biphenylpropyl ether 
conformers. Short notations and summary of these results are explained in Table 1 and part of Table 2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

disordered spheres. This process is reversible and corresponds to a
first order phase transition ( Fig. 1 a). 

If the columns are self-organized in a columnar hexagonal
periodic array ( Fig. 1 b) and the transition transforms the
supramolecular columns into supramolecular spheres self-
organized in BCC ( Fig. 1 c) or A15 ( Fig. 1 d) phases a SOM process
may occur. This is mediated by the fact that the supramolecular
spheres are not only arranged in the BCC lattice symmetry but
because the spheres on the four (111) directions of the BCC lattice
are in closer contact than the corner centered spheres in between
themselves ( Fig. 1 c) [53] . In the A15 phase the pairs of spheres
from the (200), (020) and (002) [44] are also in closer contact than
all other spheres of the A15 unit cell ( Fig. 1 d). The close contact
spheres from BCC and A15 can mediate a preferential orientation
of the columns from the columnar hexagonal ( p 6mn) phase that
are generated at the first order phase transitions from the BCC
and A15 phases. 

Fig. 2 shows the two mechanisms via which supramolecular
spheres forming the BCC, A15, σ , and quasicrystal (LQC) are
formed. Both mechanisms of self-assembly from crown- and
conical-shaped dendrons and dendrimers self-organize chiral
spheres that can be racemic or homochiral [62–64,71] and the
directions of the close contact spheres on all these lattices
are indicated in Fig. 2 . The role and the mechanism of
the transfer of chirality from column to sphere during SOM
is not yet known and therefore, it will not be discussed
here. 
The currently known mechanisms of SOM mediated by covalent 
crowns 
The two currently elucidated mechanisms of SOM mediated
with covalent dendrimers, dendronized cyclotriveratrylene (CTV),
(3,4,5)12G1-CTV ( Fig. 3 a), from columnar hexagonal ( p 6 mn ) to
A15 ( Fig. 3 a to d) [23] and dendronized perylene bisimide (PBI)
(3,4Pr-3,4,5)12G2-PBI ( Fig. 3 e) from p6mn to BCC ( Fig. 3 e–h)
[24,25] are summarized in Fig. 3 . 

These experiments were performed with fibers of
supramolecular columnar hexagonal assemblies oriented by
extrusion at 25 °C in the p 6 mm phase. The oriented fiber pattern
of the small angle X-rays (XRD) are shown in the left XRD panels
from Fig. 3 b and f. The orientation of the columns along the
(001) direction of the columnar hexagonal phase is observed.
Upon heating to the A15 and BCC phases we can see oriented
spheres diffraction on the (200), (020), and (002) directions that
corresponds to the close-contact spheres in A15 and the close-
contact (111) direction in the BCC phases. Upon cooling from
the A15 and BCC phases back to the columnar hexagonal phase
we see a 4-fold symmetry for the (100) hex diffraction in the case
of the A15-mediated SOM and a 6-fold symmetry of the (100) hex 
for the case of the BCC-mediated SOM. These diffractions are
explained by the orthogonal arrangement of hexagonal columns
generated by the A15 SOM ( Fig. 3 d) and tetrahedral arrangement
of hexagonally oriented columns in the case of the BCC-mediated
SOM ( Fig. 3 h). A more detailed description of this orientation
process is illustrated in Fig. 3 c and g. 
5 
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Fig. 5 

The results of the structural and retrostructural analysis of supramolecular dendrimers self-assembled from conical conformers of benzyl ether (a) and phenylpropyl 
ether (b) both containing -CH 2 OH at the apex, self-assembling covalent crown dendrimer conformers of dendronized cyclotriveratrylene (c), dendronized perylene 
bisimide (d), supramolecular crown of phenylpropyl ether containing -COOH at the apex (e), and covalent crown of dendronized cyclotetraveratrylene (f ). Short 
notations and summary of these results are explained in Table 2 . 
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For A15 SOM from (3,4,5)12G1-CTV, the orientations 
f (200) cub , (020) cub , and (002) cub axes of the close-contact
upramolecular spheres in the A15 phase are preserved in the
olumnar hexagonal array, becoming (100) hex directions for 
rthogonally-oriented columnar domains ( Fig. 3 d). The 4–fold 
ymmetry patterns located at 0 °, 90 °, 180 °, and 270 ° in the
zimuthal plot of the (100) reflection after cooling ( Fig. 3 c, lower
lue line) indicate alignment of supramolecular columns along 
he (200) cub , (020) cub , and (002) cub axes of the preceding A15
nit cell. Different from cubic powder XRD, the formation of the
ubic phase originates from a well-aligned fiber along the (001)
irection of the �h 

io that excludes the reflections from random 

rientation distributions and, therefore, the correlations of the 
quivalent axes can be reflected in the azimuthal plot in contrast
o a uniform ring obtained from the powder XRD. In other words,
he XRD pattern is similar to the single domain cubic lattice.
 

he reason for the four-fold symmetry pattern is attributed to 
he fact that (200) cub , (020) cub , and (002) cub are perpendicular to
ach other in the unit cell and the azimuthal plot reflects the
orrelation between each axis. Close-contact spheres, colored in 

lue, red, and orange, are aligned along the (200) cub , (020) cub ,
nd (002) cub axes and will dominate the orientation of column 

ormation upon cooling. The distance between two close-contact 
pheres is 0.5 × a along the (200) cub axis. Azimuthal plots of the
RD patterns ( Fig. 3 c) indicate that (200) cub and its equivalent
xes dictate the directions of the column formation. Hence, upon 

eating, the (001) hex orientation of the aligned fiber becomes 
he (002) cub axis of the cubic unit cell, as shown by four peaks
n the azimuthal plot along the (200) direction at 80 °C. Upon
ubsequent cooling, the newly formed columnar hexagonal lattice 
reserves the orientation of the (200) cub with four distinctive 
eaks in the azimuthal plot along the (100) hex corresponding 
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to the (200) cub and its equivalent axes in the previous P m ̄3 n
lattice. A four-fold pattern was observed in the XRD scattering
at 62 °C ( Fig. 2 b), which further confirms the preservation
of the orientation from cubic lattice to columnar hexagonal
array. 

For BCC SOM from (3,4Pr-3,4,5)12G2-PBI, the close-contact
spheres in the BCC lattice are instead aligned along the
(111) cub axis [24] , which is the body diagonal of the unit cell
( Fig. 3 h). Upon cooling from the BCC lattice at 180 °C, the
(111) cub axis and its equivalent axes dictate the orientation of
the (001) hex direction of the supramolecular columns, giving
a six-fold symmetry in the XRD pattern ( Fig. 3 f). Azimuthal
plots of the XRD patterns along (110) cub and (100) hex also
provide strong evidence for the preservation of the orientations
in the columnar hexagonal array from the previous BCC
lattice ( Fig. 3 g). Distinct from the orthogonal architecture
generated by cooling an A15 Frank–Kasper cubic lattice, in
which orientation is preserved from (200) cub to (001) hex , the
orientational memory effect from the BCC cubic lattice preserves
Fig. 6 

Structural and retrostructural analysis by small-angle XRD on first heating and cool
assemblies of the crown conformer of (4–3,4,5)12G1-CTTV (e); XRD plots of Pm ̄3 n (A
along (100) hex (h). Schematic representation of the transition between columnar hex
showing the orthogonal arrangements of hexagonal columns generated by the sup
in blue, red and orange in the cubic unit cell and are providing the driving force for t
DSC traces of first heating and cooling at 10 °C/min (j). Phases indexed by XRD, tran
in kcal/mol) are shown on the DSC traces. (For interpretation of the references to col
the (111) cub direction to give a complex tetrahedral nanoscale
architecture. 

Searching for SOM from conical vs covalent crown derived 
supramolecular spheres 
In order to address the role of the conformation of the secondary
structure of the dendron or dendrimer in the generation of the
SOM effect a library of 15 conical carboxylate salts conformers
(3,4,5)nG1-COOM with n = 12, and M = Cs, Rb; n = 14, M = Cs, Rb,
K, Li; n = 16, M = Cs, Rb, K, Na; and n = 18, M = Cs, Rb, K, Na, Li
that all display a transition from supramolecular A15 to BCC were
investigated (first two columns from the left side of Fig. 4 ) [55] . 

Fig. 4 contains a total of 18 molecules displaying conical
conformations in their spherical supramolecular dendrimers.
The details of the structural and retrostructural analysis of the
first 15 supramolecular assemblies are summarized in Table 1 .
Three additional conical dendrons (3,4BpPr) 2 12G2-COOCH 3 ,
(3,4BpPr) 2 12G2-CH 2 OH and (4BpPr-3,4BpPr-3,5-BpPr)12G2-
COOCH 3 that self-organize in columnar hexagonal and A15
ing scans of fiber aligned by extrusion at 25 °C (a,b,c,d) of the supramolecular 
15) and �h ( p 6 mm ) periodic arrays (f, g). Azimuthal plot of the patterns in (d) 
agonal �h ( p 6 mm ) and cubic ( Pm ̄3 n , A15) lattices on first heating and cooling 
ramolecular orientational memory effect (i). Close-contact spheres are colored 
he formation of complex arrangements of orthogonal columns upon cooling. 
sition temperatures (in °C), and associated enthalpy changes (in parentheses 
or in this figure legend, the reader is referred to the web version of this article.) 

7 
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Table 1 

Structural Analysis of Conical Carboxylate Salts Conformers of Self-Assembling Dendrons by Small-Angle XRD to Search 
for the Orientational Memory Effect. 

No Molecule T ( °C) Phase a d 100 , d 110 , d 200 
( ̊A) b 

d 110 , d 200 , d 211 
( ̊A) c 

d 200 , d 210 , d 211 
( ̊A) d 

a, b, c ( ̊A) e D col 
f / 

D sph 
g 

( ̊A) 

μ

Memory 
Effect 

1 (3,4,5)12G1-COOCs 160 Pm ̄3 n 33.2, 29.1, 27.0 d 65.9, 65.9, 65.9 40.9 g 27 i No 
100 �h 32.6, 18.7, 16.2 b 37.5, 37.5, – 37.5 f 4 h 

2 (3,4,5)12G1-COORb 150 Pm ̄3 n 34.1, 29.7, 28.0 d 67.7, 67.7, 67.7 42.0 g 31 i No 
80 �h 33.2, 19.2, 16.6 b 38.5, 38.5, – 38.5 f 5 h 

3 (3,4,5)14G1-COOCs 160 Pm ̄3 n 36.2, 32.3, 29.5 d 72.3, 72.3, 72.3 44.9 g 33 i No 
110 �h 34.3, 19.6, 17.0 b 39.4, 39.4, – 39.4 f 4 h 

4 (3,4,5)14G1-COORb 160 Pm ̄3 n 34.3, 30.7, 28.0 d 68.8, 68.8, 68.8 42.7 g 30 i No 
100 �h 36.7, 21.2, 18.2 b 42.3, 42.3, – 42.3 f 5 h 

5 (3,4,5)14G1-COOK 170 BCC 29.6, 20.9, 17.0 c 41.8, 41.8, 41.8 41.2 g 28 i No 
100 �h 34.7, 19.9, 17.3 b 40.0, 40.0, – 40.0 f 5 h 

6 (3,4,5)14G1-COOLi 140 BCC 28.4, 20.3, 16.5 c 40.4, 40.4, 40.4 39.8 g 27 i No 
100 �h 29.6, 17.3, 14.8 b 34.3, 34.3, – 34.3 f 4 h 

7 (3,4,5)16G1-COOCs 150 BCC 31.9, 22.7, 18.4 c 45.2, 45.2, 45.2 44.5 g 29 i No 
100 �h 37.3, 21.7, 19.0 b 43.4, 43.4, – 43.4 f 5 h 

8 (3,4,5)16G1-COORb 165 BCC 31.8, 22.7, 18.4 c 42.6, 42.6, 42.6 42.0 g 25 i No 
105 �h 36.9, 21.4, 18.5 b 42.7, 42.7, – 42.7 f 5 h 

9 (3,4,5)16G1-COOK 150 BCC 32.1, 22.7, 18.6 c 45.5, 45.5, 45.5 44.8 g 33 i No 
90 �h 37.0, 21.5, 18.6 b 42.7, 42.7, – 42.7 f 5 h 

10 (3,4,5)16G1-COONa 95 BCC 30.8, 21.7, 17.7 c 43.4, 43.4, 43.4 42.7 g 29 i No 
50 �h 35.6, 20.7, 17.8 b 40.8, 40.8, – 40.8 f 5 h 

11 (3,4,5)18G1-COOCs 190 BCC 33.8, 23.8, 19.4 c 50.3, 50.3, 50.3 49.5 g 37 i No 
90 �h 40.4, 23.5, 20.3 b 46.9, 46.9, – 46.9 f 5 h 

12 (3,4,5)18G1-COORb 170 BCC 33.8, 27.8, 19.4 c 47.8, 47.8, 47.8 47.1 g 34 i No 
120 �h 38.4, 22.3, 19.2 b 44.5, 44.5, – 44.5 f 5 h 

13 (3,4,5)18G1-COOK 135 BCC 33.7, 23.8, 19.3 c 47.5, 47.5, 47.5 46.8 g 34 i No 
100 �h 38.7, 22.3, 19.3 b 44.6, 44.6, – 44.6 f 5 h 

14 (3,4,5)18G1-COONa 135 BCC 31.8, 22.4, 18.3 c 44.9, 44.9, 44.9 44.2 g 29 i No 
100 �h 36.2, 20.8, 18.0 b 41.4, 41.1, – 41.1 f 5 h 

15 (3,4,5)18G1-COOLi 150 BCC 31.0, 21.8, 17.8 c 43.7, 43.7, 43.7 43.0 g 27 i No 
110 �h 33.0, 19.1, 16.5 b 38.1, 38.1, – 38.1 f 4 h 

a Phase notation: �h –columnar hexagonal phase; BCC – body-centered cubic phase; Pm ̄3 n – cubic phase. b Experimental d -spacings for the 
�h phases. c Experimental d -spacings for the BCC phase. d Experimental d -spacings for the Pm ̄3 n phase. e Lattice parameters calculated using 
d hk = ( 

√ 

3 a/ 2) •( h 2 + k 2 + hk ) –1/2 for hexagonal phases, and d hkl = ( a ) •( h 2 + k 2 + l 2 ) –1/2 for the cubic phase. f Column diameter for �h phases ( D col = a ) 
and g sphere diameter for the BCC phase ( D sphere = 

√ 

3 a/ 2); D sph = 2(3a 3 /32 π ) 1/3 for Pm ̄3 n phase. h Number of monodendrons per stratum. i Number of 
monodendrons per spherical dendrimer. 
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hases were also investigated for the SOM effect (right side
tructures in Fig. 4 ) [66] . Their detailed analysis is summarized on
he top of Table 2 , entries 1 to 3. No SOM was detected in any of
he 18 assemblies from Fig. 4 . 

Fig. 5 shows two additional conical conformers self-assembling 
n supramolecular spheres self-organizing in A15 ( P m ̄3 n ) phases
4–3,4,5–3,5)12G2-CH 2 OH [54] in the top left corner of Fig. 5 and
4Pr-(3,4,5Pr) 2 )12G2-CH 2 OH [59] in the bottom left corner of
ig. 5 . Their analysis for the SOM effect is summarized in Table
 entries 4 and 5. No SOM was observed for these compounds
ither (Figs. S2–S5). Therefore, these 20 experiments indicate that 
he conical dendrons forming spheres do not favor the SOM
ffect. Four crown dendrimers, three covalent ( Fig. 5 c, d, f) and
ne dynamic supramolecular ( Fig. 5 e) were investigated for the
OM effect. The SOM effect of compounds c and d were already
ublished and are summarized in Fig. 3 [23,24,68] . The SOM of
 

he covalent crown compound, (4–3,4,5)12G1-CTTV ( Fig. 5 f) [69] , 
s the tetramer of compound that is the higher homologue of its
ovalent crown trimer, 3,4,5–12G1-CTV ( Figs. 3 and 5 c). The SOM
f compound (4Pr-(3,4,5Pr) 2 )12G2-COOH [69] from Fig. 5 e will be
iscussed in the next subchapter. 

he SOM effect of self-assembling covalent crown dendrimer 
4–3,4,5)12G1-CTTV 
4–3,4,5)12G1-CTTV ( Figs. 5 f and 6 e) [69] is the corresponding
etramer of the more rigid (3,4,5)12G1-CTV trimer ( Fig. 5 c). 
herefore, the CTTV derivative can be considered as a more 
ynamic [93] version of the CTV. However, both dendronized 
ompounds exhibit crown conformations. 
The oriented fiber XRD of the dendronized CTTV in the A15

 P m ̄3 n ) phases ( Fig. 6 a,b) as well as after cooling back to p 6 mm
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Fig. 7 

Chemical structures of self-assembling dendrons (4Pr-(3,4,5Pr) 2 )12G2-CH 2 OH, (4Pr-(3,4,5Pr) 2 )12G2-COOH and their hydrogen bonding interactions at the apex 
(a-b). DSC traces of first heating and cooling of the supramolecular assemblies generated from (4Pr-(3,4,5Pr) 2 )12G2-CH 2 OH and (4Pr-(3,4,5Pr) 2 )12G2-COOH 

at 10 °C/min (c). Phases indexed by small-angle XRD, transition temperatures (in °C), and associated enthalpy changes (in parentheses in kcal/mol) are 
presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Fig. 6 c, d) are almost identical with the one of the CTV derivative
( Fig. 3 b). The 4-folded symmetry of the XRD from Fig. 6 d, h are
explained by the orthogonal arrangement of hexagonal columns
that is directed by the close contact spheres from the (200), (020),
(002) directions of the A15 phase from Fig. 6 i to become the
(100), (101) and (001) directions in the orthogonal arrangements
of hexagonal columns. The DSC scans showing in Fig. 6 j display
very sharp and well defined first order transitions both on heating
and cooling from p 6 mm to the A15 phase. 

A comparison of SOM of (4Pr-(3,4,5Pr) 2 )12G 2 –CH 2 OH and 
(4Pr-(3,4,5Pr) 2 )12G2-COOH 

Fig. 7 a, b compares the structures of these two dendrons.
They differ only by the functional group attached at their
apex. Compound (4Pr-(3,4,5Pr) 2 )12G 2 –CH 2 OH ( Fig. 7 a) contains
a -CH 2 OH H-bonding group at apex while compound (4Pr-
(3,4,5Pr) 2 )12G2-COOH ( Fig. 7 b) contains a -COOH H-bonding
group at its apex. The -CH 2 OH group can form only one H-
bond while the -COOH group forms a double H-bond that usually
adopts a hexagonal geometry. See and compare the structures
from the bottom of a and b in Fig. 7 . 

The supramolecular assemblies derived from these two
building blocks generate identical assemblies, columnar
hexagonal arrays almost within the same range of temperatures
followed by an A15 phase at higher temperature. DSC traces of
these supramolecular assemblies with their structures assigned
by XRD experiments are shown in the left and right sides of
Fig. 7 c. Therefore, XRD experiments cannot decide if there is a
different mechanism responsible for the self-assembly of these
two compounds containing different H-bonding groups at its
apex. Compound (4Pr-(3,4,5Pr) 2 )12G2-CH 2 OH from Fig. 7 a self-
organizes in an A15 ( P m ̄3 n ) phase that does not exhibit a SOM
( Table 2 , entry 5) while compound b from Fig. 7 displays a SOM
effect ( Table 2 , entry 6). 
9 
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Fig. 8 

Structural and retrostructural analysis by small-angle XRD (a-d) of the fiber of the supramolecular assembly generated from the supramolecular crown of (4Pr- 
(3,4,5Pr) 2 )12G2-COOH (e) aligned by extrusion at 25 °C, on first heating and cooling. XRD plots of Pm ̄3 n (A15) and �h ( p 6 mm ) lattices (f, g). Azimuthal plots (h) of 
the patterns in (d) along (100) hex , and the patterns in (b) along (200) cub and (210) cub . Schematic representation of the lattice transition between columnar hexagonal 
�h ( p 6 mm ) and cubic ( Pm ̄3 n , A15) lattice on first heating and cooling (i). Supramolecular orientational memory induced by (210) cub of Pm ̄3 n (A15) to (100) hex results 
in a distorted dodecahedral architecture generated from columnar hexagonal assemblies of supramolecular columns. 
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iscriminating between mechanisms of self-organization by 
OM 

he two self-assembling dendrons shown in Fig. 7 and analyzed
n Table 2 , entries 4 and 5 self-organize into identical periodic
rrays of supramolecular columns and spheres and differ only in
he presence of absence of a SOM effect. A statistical analysis of
he 20 conical molecules from Figs. 4 and 5 and Tables 1 and
 demonstrate that conical dendrons forming supramolecular 
pheres do not display SOM effects. At the same time all 3
elf-assembling covalent crowns from Fig. 5 self-organize Frank–
asper and BCC phases that display SOM ( Table 2 ). Therefore,
ompound b from Fig. 7 exhibits a dynamic supramolecular crown
onformation while compound a from Fig. 7 exhibit a conical
onformation. The stronger and more directional H-bonding 
etween the two -COOH groups is responsible for the assembly of
he dynamic supramolecular crown conformation of compound b 
rom Fig. 7 . The next question to be addressed is the following: Is a
ynamic supramolecular crown forming a supramolecular sphere 
xhibiting the same or a different SOM from the one generated by
ovalent crown? 
0 
iscovery of a novel SOM mediated by self-assembling dynamic 
upramolecular crowns 
he analysis of the SOM of (4Pr-(3,4,5Pr)2)12G2-COOH by the 
ethod discussed previously in Figs. 3 and 6 is shown in Fig. 8 . 
Fig. 8 e shows the structure of this compound. Its oriented

ber XRD are presented in Fig. 8 a–h. The most interesting and
nexpected result is that Fig. 8 d and h demonstrate a complex
ymmetry rather than the 4-fold symmetry observed previously 
n Figs. 3 b,d and 6 d,i upon cooling an oriented fiber from the A15
hase back to the p 6 mm columnar hexagonal phase. This simply
eans that the orthogonal arrangements of hexagonal columns 
btained previously by SOM with covalent crown constructed 
upramolecular spheres was replaced by a distorted dodecahedral 
rrangement of hexagonal arrangements of columns ( Figs. 8 i, S6 
nd S7). This new supramolecular architecture and morphology 
s unprecedented and can be constructed only via the SOM 

echanism reported here. 
This new morphology also demonstrates that the distorted 

odecahedral arrangement of hexagonal columns is not mediated 
y the close contact spheres from the (200), (020) and (002)
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Fig. 9 

Comparison between two different supramolecular orientational memory (SOM) effects by the same lattice symmetry, A15 to the columnar hexagonal array. 
Azimuthal plots of small-angle XRD of (4–3,4,5)12G1-CTTV along (100) hex (a), its close-contact distance of spheres along (200) (b), and its orthogonal architecture 
mediated by SOM (c). d c-csph is the distance between two close-contact spheres along the designated axis. Azimuthal plots of XRD of (4Pr-(3,4,5Pr) 2 )12G2-COOH 

along (100) hex (d), its close-contact distance of spheres along (210) (e), and its distorted dodecahedral architecture mediated by SOM (f ). 

 

 

 

 

 

 

 

 

directions of the A15 phase but by the close contact spheres from
the (210), (021) and (102) directions of the A15 Frank–Kasper
phase ( Fig. 8 i). 

The close contact distances between the spheres arranged
on the (200) direction of the A15 phase of the dynamic
supramolecular crown is d c-csph = 53.5 A while the distance for
the close contact spheres on the (210) direction is d c-csph = 57.0
A ( Fig. 9 g). The same values for the SOM mediated by (4–
3,4,5)12G1CTTV that provides an orthogonal arrangement of
hexagonal spheres are shown in Fig. 9 c. Fig. 9 f seems to indicate
11 
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Table 2 

Structural Analysis of Conical and Crown-Like Conformations of Self-Assembling Dendrons and Dendrimers by Small-Angle XRD 

to Search for the Orientational Memory Effect. 

No Molecule T ( °C) Phase a d 100 , d 110 , d 200 
( ̊A) b 

d 110 , d 200 , d 211 
( ̊A) c 

d 11 , d 20 , d 02 ( ̊A) d 

d 200 , d 210 , d 211 
( ̊A) e 

a, b, c ( ̊A) g D col 
h / 

D sph 
i 

( ̊A) 

μ

Memory 
Effect 

1 (4BpPr-3,4BpPr- 
3,5BpPr)12G2-COOCH 3 

185 Pm ̄3 n 138.1, 122.2, 
113.6 e 

276.0, 276.0, 276.0 171.2 i 771 No 

135 �r-c 112.0, 82.0, 74.4 d 163.2, 149.2, – – 17 
110 Lam 

k 71.8, 35.9, 23.9 f 71.8, –, – 71.8 –
2 (3,4BpPr) 2 12G2-COOCH 3 115 Pm ̄3 n 84.4, 75.4, 69.0 e 168.8, 168.8, 168.8 104.7 i 267 No 

75 �r-c 82.7, 72.9, 49.8 d 145.6, 99.5, – – 15 
3 (3,4BpPr) 2 12G2-CH 2 OH 140 Pm ̄3 n 77.5, 69.7, 63.6 e 155.5, 155.5, 155.5 96.5 i 213 No 

20 �r-c 85.4, 65.7, – d 131.3, 112.0, – – 16 
4 (4–3,4,5–3,5)12G2-CH 2 OH 90 Pm ̄3 n 43.7, 39.1, 35.6 e 87.3, 87.3, 87.3 54.2 i 25 No 

70 �h 40.7, 23.4, 20.2 b 46.7, 46.7, – 46.7 h 3 
5 (4Pr-(3,4,5Pr) 2 ) −12G2- 

CH 2 OH 

65 Pm ̄3 n 55.0, 49.1, 44.8 e 109.8, 109.8, 109.8 68.1 i 29 No 
25 �h 46.1, 26.6, 23.0 b 53.2, 53.2, – 53.2 h 2 

6 (4Pr-(3,4,5Pr) 2 ) −12G2- 
COOH 

60 Pm ̄3 n 53.4, 47.8, 43.6 e 106.9, 106.9, 106.9 66.3 i 30 Yes 
30 �h 47.4, 27.2, 23.6 b 54.5, 54.5 – 54.5 h 2 

7 (3,4Pr-3,4,5)12G2-0-PBI 180 BCC 38.4, 25.9, 21.1 c 51.6, 51.6, 51.6 44.7 i 12 Yes 
80 �h 

io 42.9, –, 21.5 b 49.5, 49.5, – 49.5 h 2 
0 �h 

k 42.5, 24.5, 21.2 b 48.8, 48.8, 19.2 48.8 h 2 
8 (3,4,5)12G1-CTV 80 Pm ̄3 n 36.6, 32.7, 29.8 e 73.5, 73.5, 73.5 45.6 i 7 Yes 

65 �h 
io 35.6, 20.5, 17.8 b 41.1, 41.1, – 41.1 h 1 

9 (4–3,4,5)12G1-CTTV 125 Pm ̄3 n 46.1, 41.2, 37.6 e 92.2, 92.2, 92.2 57.2 i 7 Yes 
25 �h 43.4, 25.0, 21.7 b 50.1, 50.1, – 50.1 h 1 

a Phase notation: �h –columnar hexagonal phase; �r-c –centered rectangular columnar phase; BCC – body-centered cubic phase; Pm ̄3 n – cubic phase; Lam – Lamellar 
phase. b Experimental d -spacings for the �h phases. c Experimental d -spacings for the BCC phase. d Experimental d -spacings for the �r-c phase. e Experimental d -spacings 
for the Pm ̄3 n phase. f Only observed only in the first heating of the as prepared compound. g Lattice parameters calculated using d hk = ( 

√ 

3 a/ 2) ·( h 2 + k 2 + hk ) –1/2 

for hexagonal phases, and d hkl = ( a ) ·( h 2 + k 2 + l 2 ) –1/2 for the cubic phase. h Column diameter for �h phases ( D col = a ) and i sphere diameter for the BCC phase 
( D sphere = 

√ 

3 a/ 2); D sph = 2(3a 3 /32 π ) 1/3 for Pm ̄3 n phase. 
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hat for the self-organization and SOM process of the dynamic
upramolecular crown the (210) direction of the A15 corresponds 
ost closely with the (100) direction of its columnar hexagonal
hase while for the covalent crown (4–3,4,5)12G1-CTTV the (100) 
irection of the columnar hexagonal phase is closer to the (200)
irection of its A15 phase ( Fig. 9 b). It should be mentioned
hat the previously published orthogonal SOM on (3,4,5)12G1- 
TV [23] showed similar correlation between (100) direction 

f the hexagonal phase and (200) direction of its A15 to Fig.
 b. This mechanism must be supported by other examples of
OM mediated by spherical assemblies generated from dynamic 
upramolecular crowns. 

hy are crown conformers assembling spheres dominating the 
OM process? 
ig. 10 provides a hypothesis for the explanation of these results.
he bottom part of Fig. 10 shows the number of steps involved
uring the transition from a chiral racemic or homochiral 
upramolecular sphere assembled from conical dendrons. 

When the column contains tilted dendrons and therefore is 
elical racemic or homochiral [66,94,95] there are 5 steps involved
2 
n this process. Since the conical dendron is quasiequivalent, just 
ike the proteins in viruses [72] it can undergo a first transition
rom cone to taper, to tilted taper to a cross-section of the column
nd to column. When the column containing non-tilted dendrons 
here are only 4 steps involved in this process (see second set of
ata from the bottom part of Fig. 10 ). However, both covalent
nd dynamic supramolecular crowns can undergo inversion of 
onfiguration and therefore the transition from a supramolecular 
phere to a supramolecular column requires only one step (middle 
art of Fig. 10 ). Irrespective of whether these mechanisms are
oncerted or stepwise, the crown conformer-based sphere most 
robably is favoring the SOM process. The upper part of Fig. 10
ummarizes the hierarchical transition from the columnar 
exagonal arrays to the orthogonal and tetrahedral arrangements 
f hexagonal columns via the A15 and BCC phases respectively. 
he mechanism of self-assembly of helical supramolecular 
endrimers [46,94,96–105] and self-organized dendronized 
olymers is more advanced than that of the corresponding 
upramolecular spheres and the experiments reported here make 
 substantial step ahead towards access to the mechanism of 
elf-assembly of supramolecular spheres and of their periodic 
rrays. 
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Fig. 10 

The hierarchical mechanisms of interconversion between supramolecular spheres and columns that facilitates the supramolecular orientational memory effect 
that generates complex architectures assembled from hexagonal arrays of supramolecular columns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 
A statistical analysis of the SOM process of a library of
20 supramolecular spheres assembled from self-assembling
conical shape dendrons and of a library of 4 supramolecular
spheres assembled 3 covalent crowns and one from a dynamic
adaptive supramolecular self-assembling crown demonstrated
that both covalent and dynamic supramolecular self-assembling
crowns dictate the supramolecular orientational memory (SOM)
process. A one step, most probably concerted transition from
supramolecular spheres to supramolecular columns and the
reverse process involves a single step inversion of crown
configuration and is most probably the reason for this result.
By contrast the transition from supramolecular spheres generated
from conical dendrons to supramolecular columns and the reverse
process involves 5 or 4 concerted or stepwise steps that ultimately
favor the crown conformer as the one that dictates the SOM
process. The SOM effect of the dynamic supramolecular crown
provided an unprecedented distorted dodecahedral architecture of
hexagonal arrangements of columns that cannot be accomplished
via any other methodology except the SOM reported here. We
expect that this SOM concept will be able to engineer numerous
new complex arrangements of columns arranged in a hexagonal
or other periodic array. More experiments and theoretical work are
needed to demonstrate the universality of this process. 
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