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Identification of a Frank-Kasper Z phase from
shape amphiphile self-assembly

Zebin Su'?, Chih-Hao Hsu?, Zihao Gong? Xueyan Feng?, Jiahao Huang? Ruimeng Zhang? Yu Wang®?,
Jialin Mao?, Chrys Wesdemiotis ©2, Tao Li*4, Soenke Seifert3, Wei Zhang', Takuzo Aida®>¢,
Mingjun Huang ®'™ and Stephen Z. D. Cheng ®"2*

Frank-Kasper phases, a family of ordered structures formed from particles with spherical motifs, are found in a host of mate-
rials, such as metal alloys, inorganic colloids and various types of soft matter. All the experimentally observed Frank-Kasper
phases can be constructed from the basic units of three fundamental structures called the A15, C15 and Z phases. The Z phase,
typically observed in metal alloys, is associated with a relatively large volume ratio between its constituents, and this constraint
inhibits its formation in most self-assembled single-component soft-matter systems. We have assembled a series of nano-
sized shape amphiphiles that comprise a triphenylene core and six polyhedral oligomeric silsesquioxane cages grafted onto it
through linkers to give a variety of unconventional structures, which include the Z phase. This structure was obtained through
fine tuning of the linker lengths between the core and the peripheral polyhedral oligomeric silsesquioxane cages, and exhibits a

relatively large volume asymmetry between its constituent polyhedral particle motifs.

matter. Spherical assemblies, deceptively simple structures,

occur in various materials from metal alloys and inorganic
colloids to assembled soft matters'. Ubiquitous densely packed
structures—such as face-centred cubic, hexagonal close-packed and
body-centred cubic (BCC) structures—are formed in the majority
of metallic elements. Three decades ago, the discovery of quasicrys-
tal expanded the list of crystal classifications from 230 space group
symmetry to infinity’. Between the cases of ordered but non-peri-
odic quasicrystal, and simple densely packed structures (for exam-
ple, face-centred cubic, hexagonal close-packed and BCC), thereis a
class of metal alloy crystal structures, so-called Frank-Kasper (FK)
phases®*. FK phases are topologically close-packed and contain
exclusively tetrahedral interstices composed of a polyhedron with
coordination number CN=12 and at least one polyhedron with
higher CN (CN =14, 15 or 16) (Fig. 1a). Often, FK phases can be
viewed as ordered approximates of quasicrystal phases due to some
shared construction rules from sphere packing®”. So far, 27 differ-
ent types of FK phases have been found experimentally®.

To better understand the relationship between these FK phase
structures, we can express all the 27 observed FK phase structures
by a scheme of (R,X)/(PX,),(Q,R,X,); (i, j and k are non-negative
integers) in which X, P, Q and R represent CN=12, 16, 15 and 14,
respectively (Supplementary Table 1), of FK polyhedra’. For exam-
ple, R, X represents an A15 phase, PX, represents a Laves C15 phase
(can also be a C14 or C36 phase) and Q,R,X, represents a Z phase.
These A15, C15 and Z phases adopt three fundamental structures
that provide the basic units to construct all the other FK phases so
far reported. If we plot a relationship between the average coordina-
tion number and the fraction of CN=15 polyhedra in a FK phase,
all these 27 FK phases are located in a triangle with the three basic

| | umans have continued to explore microscopic structures of

FK phases located at three vertices (Fig. 1b)’. Ordered assemblies
that are isostructural to these three basic FK phases have been iden-
tified in diverse systems, which include natural clathrate hydrates in
which the host molecule is water and the guest molecule is typically
a gas, such as methane'’, zeolites, which are hydrated microporous
aluminosilicate minerals', and clathrate colloidal crystals directed
by a DNA-programmable assembly'>.

The first FK phase in soft matter, A15 (space group Pm3 n), was
reported in 1992 in lipid-containing micelle systems'*'* and further
demonstrated in subsequent studies of the bulk self-assembly of
single component soft matter systems'>'®. Subsequently, several FK
phases and dodecagonal quasicrystals were also identified in den-
drimers'’-*’, block copolymers*"*, concentrated ionic surfactants**
and giant molecules””. Recently, the C14 phase (space group
P6,/mmc) and the C15 phase (space group Fd3 m) in a metastable
state were reported in diblock copolymers by Bates and co-workers
in 2017%7*. However, despite these extensive works, to the best of
our knowledge, the Z phase (space group P6/mmm) remains the
only one of the three fundamental structures for the 27 discovered
FK phases that has not been observed in any soft matter system.
Experimental demonstration of the Z phase would not only provide
insight on the structure and formation mechanism of such phases,
but also perhaps help guide the construction of more complicated
FK phases in soft matter.

The self-assembly of giant molecules is a powerful platform to
create diverse structures in soft matter because their primary ste-
reochemistry, composition, chemical sequence, molecular topol-
ogy and molecular weight can be precisely controlled”>**%,
Furthermore, specific intra- and/or intermolecular interactions
can be rationally incorporated in the molecules by accurate design
and synthesis. In a single-component soft matter system, FK phases
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Fig. 1| FK polyhedra and phases. a, Three-dimensional models and planar
graphs of FK polyhedra. Yellow polyhedron: CN =12; blue polyhedron:
CN=14; red polyhdron: CN=15; green polyhedron: CN=16. b, The triangle
includes all the FK phases experimentally observed so far, with C15, A15
and Z located at the three vertices of triangle. The horizontal axis is the
average CN and the vertical axis is the fraction of polyhedra with CN=15.
Comp, complex.

are self-assembled through a hierarchical organization process in
which molecules first assemble into spherical motifs. During the
phase formation, these spherical motifs go through a process of
deforming, or ‘squishing), to form polyhedra (Wigner-Seitz cells or,
as referred to here, Voronoi cells) and fill voids in the FK lattices. In
addition, variation of the numbers of molecules in each polyhedron
is understood to be a factor for the size heterogeneity of the poly-
hedra. Most FK phases driven by phase segregation possess volume
asymmetry, here defined as the volume asymmetry ratio of the larg-
est and the smallest Voronoi cells. The A15 and ¢ phases possess
relatively small volume asymmetry ratios of 1.03 and 1.17, respec-
tively?”’!, which could be the reason why only these two FK phases
have been frequently observed in soft matter. In contrast, in the C14
and Cl15 phases, the volume asymmetry ratio reaches over 1.20,
which renders C14 and C15 very scarce phases in soft matter™”.
The Z phase usually requires a comparably large volume asymme-
try ratio (>1.20)**'. However, it also requires a mean coordination
number (13.428) much larger than those of the C14 and C15 (both
are 13.333) phases. The polyhedral motifs induced by the deforma-
tion of soft spherical particles, used to access other FK phases, may
not be suitable to achieve the relatively large volume asymmetry
ratio and high coordination number required by a Z phase. A new
molecular design is thus necessary to promote this particular pack-
ing of spherical motifs in FK polyhedra.
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Here we designed and synthesized a series of nanosized shape
amphiphiles in which a triphenylene core is attached to six identical
polyhedral oligomeric silsesquioxane (POSS) cages at the periphery
through covalent linkers with tunable lengths (Fig. 2). Shape amphi-
philes are molecular building blocks that consist of different moi-
eties of distinct shapes, and engage in competing interactions™™.
The relatively weak z-z stacking interactions among conjugated
aromatic triphenylene cores enable the segregation from peripheric
BPOSS cages (POSS functionalized with seven isobutyl groups).
Owing to the tunable steric hindrance by the rigid and bulky BPOSS
cages, these nanosized shape amphiphiles do not self-assemble into
a one-dimensional columnar structure, as commonly observed in
plate-like molecules™. Moreover, the tunability of the linker length
enables the formation of various ordered spherical phases. Using
this platform, we report the experimental observation of the FK Z
phase in a soft matter system.

Results and discussion

Synthesis and characterization. The nanosized shape amphi-
philes were synthesized by attaching six bulky BPOSS cages to
the triphenylene core through a copper-catalysed azide-alkyne
[3+42] cycloaddition (CuAAC reaction (Fig. 3. and Supplementary
Figs. 1-3)). With this approach, we prepared a series of samples with
varied linker lengths that ranged from Tp-C,-6BP to Tp-C,-6BP.
The characteristic thermal properties of this set of samples were mea-
sured by differential scanning calorimetry (Supplementary Fig. 4).
We confirmed 7z-7 stacking interactions between triphenylene
units by ultraviolet-visible spectroscopy, consistent with previ-
ously reports'>** (Supplementary Fig. 5). After thermal annealing,
a variety of supramolecular phases were obtained, as demonstrated
by a combination of synchrotron small-angle X-ray scattering
(SAXS) patterns and bright-field transmission electron microscopy
(BFTEM) images.

Analysis of self-assembly behaviour and phase transition. For
the nanosized shape amphiphile, Tp-C,-6BP, without a flex-
ible methyl group linker between the phenyl group and the
BPOSS cage (Fig. 2b), the quenched sample after annealing at
150°C exhibited a SAXS pattern with scattering vector q ratios of
ﬂ:\/i:\/g:\/g:\/g:\/l—o:\/ﬁ:\/l—i(ﬁg. 4a), which sug-
gests an A15 phase with a unit cell parameter a=6.53nm. This
structure was further confirmed by a representative 4* square tiling
pattern along the [001] direction in the BFTEM image and the cor-
responding fast Fourier transform (FFT) pattern (Fig. 4b and top
right inset, respectively). Based on prior crystallographic knowl-
edge, each A15 phase is composed of two CN =12 polyhedra and six
CN =14 polyhedra at Wyckoff positions 2a and 6c (Fig. 4c), respec-
tively. The volumes of different spherical motifs usually vary by less
than +10% compared with their average value'®*>’'. The number
of Tp-C,-6BP molecules in each A15 unit cell is 32, determined by
the unit cell parameters and experimentally measured density. The
average number of Tp-C,-6BP molecules in each polyhedron is thus
four, as there are a total of eight polyhedra (two types) in the A15
unit cell. Different degrees of deformability of equal-sized spheri-
cal motifs may be sufficient to provide enough volume variation to
generate the A15 phase.

We next increased the annealing temperature of Tp-C,-6BP to
170°C. On doing so, a structure transition with a new set of sharp
Bragg diffractions and distinctive intensities was observed (Fig. 4d).
Analysis showed that this is a Z phase lattice with a=6.23 nm and
c=6.48nm (Supplementary Fig. 6 and Supplementary Table 2),
with detailed assignments included in Fig. 4d. The BFTEM images
(Fig. 4e,g, and also Fig. 4fh after Fourier filtering). Their FFT pat-
terns (insets of Fig. 4e,g) from the [001] and [100] directions match
well with the simulated projections. All the experimental evidence
in both the reciprocal and real spaces confirm the formation of a Z
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Fig. 2 | Molecular model and chemical structures. a, Schematic representation of a nanosized shape amphiphile, in which the blue disc and red spheres
represent the triphenylene core and BPOSS cages, respectively. The chemical structures of the different linkers are also shown, illustrated by grey wavy
segments. b, The chemical structure of molecule Tp-Cy-6BP. Hydrogen atoms are not shown in the molecular model for clarity.

phase. This phase remains thermodynamically stable up to 230°C,
and reaches a disordered melt (Supplementary Fig. 7). It can also
form directly from the disordered melt without passing through the
low-temperature A15 phase (Supplementary Fig. 8).

We next took the A15 phase sample, generated by annealing at
150°C, and heated it to 170°C. On doing so, we observed that the
Z phase formed within 12h (Fig. 5a). When this sample was cooled
to 150°C, the A15 phase was recovered after 7 days (Fig. 5b), which
indicates asymmetric phase transition kinetics. Nevertheless, the
A15 phase in Tp-Cy-6BP is a thermodynamically stable phase in
the low-temperature region below 150°C, a typical enantiotropic
phase behaviour®.

In principle, a Z phase unit cell consists of three CN=12, two
CN =14 and two CN =15 polyhedra at Wyckoff positions of 3f, 2e
and 2d, respectively (Fig. 4c). According to the Zr,Al, structure, the
sizes of CN=14 and CN=15 polyhedra are larger than those of
CN =12 polyhedra. For the self-assembled Z phase of Tp-C,-6BP,
each unit cell contains approximately 25 molecules determined by
the experimentally measured density and unit cell parameters. A
probable scenario for the nanosized shape amphiphile system is that
each large polyhedron with CN =14/CN =15 contains 4 molecules
and each small polyhedron with CN =12 contains 3 molecules. In
this case, the volume ratio of the two types of polyhedra is ~1.33,
which is within the volume asymmetry ratio range reported in other
Z-phase forming systems®*. Although there is no direct evidence
of volume asymmetry for the observed Z phase in this work, it is
worth noting that previous theories reported volume asymme-
try larger than 4:3 for the Z phase®*, but not for the A15 phase.
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This result demonstrates that the balance between the z—x interac-
tions of triphenylene and the steric hindrance of BPOSS cages is a
general strategy to reach large volume ratios of FK polyhedra and
can be extended to the possible finding of other FK phases.

To study the mechanism of the phase transition between the A15
and Z phases, we further characterized our samples by transmis-
sion electron microscopy (TEM). A TEM image illustrates a planar
defect with a translation vector [v/3/2,1/2,0] observed along the
[001] direction of the A15 phase (Fig. 6a,b). The square (4*) tiling
pattern corresponds to the A15 unit cell, whereas the regular trian-
gular (3°) tiling pattern is recognized as the defect in the A15 struc-
ture and proposed to be the unit cell of the Z phase (Fig. 6b). Five
layers in the A15 unit cell are designated as a sequence of ¢, b, a, b
and ¢, and in the Z phase unit cell they are denoted as a sequence of
A, B, C, B and A (Fig. 6¢). The A15 and Z phase unit cells possess
identical polyhedra on the A and a planes. Although those poly-
hedra on the B and C planes do not change their relative positions
compared with the b and c plane, respectively, the coordination
environment of these positions does change (Fig. 6¢): polyhedra on
the B plane have CN =15 (red solid circles) and polyhedra on the
b plane have CN =14 (blue solid circles), polyhedra on the C plane
have CN=12 (yellow empty circles) and polyhedra on the c plane
have CN=14. An analogous mechanism was reported for Cr,Si
and p-tungsten’*.

At the molecular level, increasing the temperature weakens the 7-x
interactions of the cores and strengthens the thermal fluctuation and/
or expansion of the bulky BPOSS cages. Most of the columnar phases
formed by triphenylenes with alkyl side chains possess a disordered

9201


http://www.nature.com/naturechemistry

ARTICLES NATURE CHEMISTRY

' R
“o Si~on o . o R R 9./
/R /Si’OH\ CI—‘Si—O—\ Sr{o S{_ﬁ)@/\CI Si—0 Os.\—g/@/\m
‘ 01 & Si—— Y Si
ci cl / _si—O=¢si "
Q /o OR” o\ _ o . O\F{// / R\O
R S"\ o0-Si=Q / (i) \ o /—/O o) S'O 5= 0o
o— S'\O/SI SI—\—O‘SI R/ _ '\\‘O’ i /
R o—'Sl\o/S'\ R o——Sl\O/SI .
R
Br ) 1 2
n
(iii) /O—S|i—
/O
o /R 0} R
R<g20 “si-o Rugi<0 sio
Si ,O O OH /S' "o
i —O==si Br Si—O0=~si o
O/R/?I 0 \W HO o R/ \\H:
LR 0 \o /mrO
R/ISI\\\O/SFO\ / (iv) //S'\\‘O’SI_O‘ / Na
of;Si\o/Sl\ o—Si___-Si{
R
n=3:3 R=isobutyl n=3:6
n=4:4 n=47
n=55 n=5:8
o [e]
o QOQ o 2,9,100r 11
= / | —

_ (vii)
A\

Fig. 3 | Synthesis of the nanosized shape amphiphiles. Reagents and conditions: (i) DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene), THF, 25°C; (ii) NaN,,
THF-DMF (dimethyl formamide), 70 °C; (iii) N(Et),OH, THF, 25°C; (iv) DBU, THF-DMF, 70 °C; (v) SOCI,, dichloromethane, 45 °C; (vi) NaN,, THF-DMF,

70°C; (vii) CuBr, N,N,N’,N"”",N'’-pentamethyldiethylenetriamine, THF, 25°C.

transition that ranges from about 70°C to over 200°C, depending on
the chemical structure and the side chains>*. This flexibility may
facilitate the exchange of nanosized molecules and reorganization
among polyhedra in the original A15 phase and enable the redistribu-
tion of the polyhedral motifs to form the Z phase.

We next studied the impact of linker length on self-assembly.
Tp-C,-6BP, Tp-C,-6BP and Tp-C,-6BP contain relatively flexible
alkyl linkers with three, four and five methylene units, respec-
tively, compared to Tp-C,-6BP. After annealing at 170°C for 12h,
all three samples exhibited SAXS scattering patterns with g ratios
of 1:v2:v/3:/4 (Supplementary Fig. 9), consistent with BCC
structures and in contrast to that observed with Tp-C,-6BP. The
cubic unit cell parameters of Tp-C;-6BP, Tp-C,-6BP and Tp-C;-
6BP are a=4.78, 4.88 and 5.04 nm (Supplementary Table 3), which
indicates that the mean average radii of the motifs are 2.35, 2.40 and
2.49 nm, respectively. These results further suggest that linker rigid-
ity appears to be crucial to our ability to access the Z phase using
these molecules.

Thermodynamic analysis of self-assembly behaviour. Thermo-
dynamically, the driving force of packing supramolecular polyhe-

dra (deformed spherical motifs) into these supramolecular phase
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structures is to minimize the surface area of the polyhedra contact
while filling space with a uniform density”. The surface area is
inversely proportional to the mean spherical symmetry of the poly-
hedral motifs in each packing structure. In other words, the poly-
hedra tend to maximize the spherical symmetry and at the same
time to fill the space as efficiently as possible. We quantified the
spherical symmetry of the three phases by using the isoperimetric
quotient, IQ = 36nV?/S%, where V is the polyhedral volume and
S the polyhedral surface area, based on Voronoi cells). Using this
metric, a perfect sphere would show a maximum value of 1.0. On
average, among the Z phase, A15 and BCC phases, the deviation
in the Z phase (IQ =0.7640) is the least, followed by the A15 phase
(IQ=0.7618) and then the BCC phase (IQ=0.7534)*""". These
values are calculated based on a simplified Voronoi partition with
Wyckoff positions as the generating points, which is an approxima-
tion for the realistic surface-to-volume ratio or volume asymmetry.
The spherical motifs are thus less deformed on average, and have
a lower contact surface area in the Z phase, followed by the Al5
phase and the most deformed motifs are present in the BCC phase.
The Tp-C,-6BP nanosized molecule is relatively rigid and therefore
capable of forming highly spherical supramolecular assemblies. As
a result, these self-assemble into the Z or A15 phase rather than
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Fig. 4 | Self-assembled structure of Tp-C,-6BP. a, SAXS pattern of the A15 phase obtained from Tp-C,-6BP after annealing at 150 °C. b, TEM image taken
along the [001] direction of the A15 phase. Bottom left inset: The Fourier filtered image of the local TEM image marked by red square box. Top right inset:
FFT pattern. ¢, Top: the CN =12 polyhedra (yellow) and CN =14 polyhedra (blue) locate in the 2a and 6c Wyckoff positions of the A15 phase unit cell,
respectively. Bottom: the CN =12 polyhedra (yellow), CN =14 polyhedra (blue) and CN =15 polyhedra (red) locate at the 2d, 2e and 3f Wyckoff positions
of the Z phase unit cell, respectively. In crystallography, a Wyckoff position is a point belonging to a set of points that share the same site symmetry and
conjugate subgroups of the space group. The Wyckoff positions indicate where the atoms in a crystal can be found. d, The SAXS pattern of Tp-C,-6BP
after annealing at 170 °C. e,g, TEM images from the [001] and [100] directions and corresponding FFT patterns (insets) of Tp-Cy=-6BP after annealing at
170°C. fh, Fourier filtered and magnified images of e and g, respectively. The insets of f and h show simulated projection views along the [001] and [100]
directions, respectively. a.u., arbitrary units; g, scattering vector; |, scattering intensity.

into the BCC phase. Increasing the temperature enhances the ther-
mal fluctuation and/or expansion of the bulky BPOSS cages, which
drives the spherical motifs constructed by the Tp-C,-6BP molecules
to be even less deformed. Therefore, with the redistribution capabil-
ity of the nanosized shape amphiphiles among the motifs, the A15
phase transfers to the Z phase on heating. Maximizing the sphere
symmetry decreases the contact surface area, reduces the constraint
of the BPOSS cage shell and increases the orientational entropy.
Meanwhile, this is well balanced by the relatively high coordination
number in the Z phase and so reaches a uniform density in space.
In contrast, owing to the relatively flexible linkers in Tp-C;-6BP,
Tp-C,-6BP and Tp-C;-6BP, the self-assembled spherical motifs
possess a high degree of flexibility and deformability, and the BCC
phases with a higher spherical deformation and packing efficiency
appear as the thermodynamic stable phase.

Conclusion

In summary, we report the observation of the FK Z phase in a
single-component soft material. This phase, together with the A15
and C15 phases (previously observed experimentally'>'%>"*), rep-
resent the three fundamental structures that provide the building
blocks to construct all 27 FK phases discovered. This work also
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demonstrates a phase transition behaviour from the A15 phase to
the Z phase in both reciprocal and real space. Key to this study was
the design and synthesis of a series of nanosized shape amphiphiles,
in which a triphenylene core was attached with six BPOSS cages at
the periphery through covalent linkers with a tunable length. The
self-assembly of these nanosized shape amphiphiles results in a
variety of highly ordered unconventional supramolecular lattices.
This platform presents a feasible method to reach a relatively large
volume asymmetry ratio between the assembled motifs. Therefore,
ordered phases that include but are not limited to FK phases formed
by relatively large volume asymmetry ratios of two or more types of
spherical motifs may no longer be out of reach for single-compo-
nent soft matter.

Methods

Materials, syntheses, characterization data and methods for matrix-assisted laser
desorption/ionization-time of flight, differential scanning calorimetry, ultraviolet
visible spectroscopy, Fourier filtering and density measurements are described in
Supplementary Information.

SAXS measurements. Synchrotron SAXS data are from the 12-ID-B,C station
at the Advanced Photon Source of the Argonne National Laboratory. The X-ray
energy was 12 KeV. The sample-to-detector distance was adjusted to provide a
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Fig. 5 | Investigations of the phase transition between the A15 phase and the Z phase through SAXS profiles. a, Annealing the completely formed A15
phase of Tp-Cy=-6BP (profile shown in black) at 170 °C transforms it into the Z phase (orange) within 12 h. b, The completely formed Z phase (black) slowly

transforms into the A15 phase (pink) within 7 days at 150 °C.
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Fig. 6 | The mechanism of phase transformation. a, TEM image showing
the planar defect observed during the phase transition between the A15
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the A15 and Z lattices as marked by the red outlines. ¢, The projection is
taken along [001] direction of the A15 and Z lattices. d, The schematic
diagram illustrates the self-assembly mechanism and molecular packing in
A15 and Z lattices. The coordination numbers of the yellow, blue and red
polyhedra are 12, 14 and 15, respectively.
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detecting range for the scattering vector from 0.01 to 0.70 A", The scattering
vector scale was calibrated using a silver behenate standard. The typical exposure
time was 0.1 s for each sample. A Linkam THMS 600 hot stage was applied to
perform the in situ SAXS experiments. Laboratory SAXS data were collected from
a Xeuss 2.0 equipped with a MetalJet-D2 X-ray source and Pilatus3R detector. The
scattering vector scale was calibrated using a silver behenate standard. The typical
exposure time was 600 s for each sample. A Mettler Toledo FPHT hot stage was
used for sample annealing. All the thermal annealing processes were performed
under a nitrogen atmosphere.

TEM. A JEOL-1230 TEM with an accelerating voltage of 120kV was performed to
record the bright-field images of different samples on the copper grid (300 mesh,
SPI). BFTEM images were collected on a digital charge-coupled device camera.
Data were processed with the accessory digital imaging system. The samples

for TEM experiments were prepared by dropping 5 pl of the sample solution

(1 mgml™) onto carbon-coated copper grids. After solvent evaporation, the copper
grids were annealed as in the method described above.

Data availability

The data supporting the findings of this study are available within the article and
its Supplementary Information, and/or from the corresponding author upon
reasonable request.

Received: 2 January 2019; Accepted: 12 August 2019;
Published online: 23 September 2019
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