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An Exceptionally Stable and Scalable Sugar-Polyolefin Frank-Kasper

A15 Phase

Kdtchen K. Lachmayr, Charlotte M. Wentz, and Lawrence R. Sita*

Periodically-ordered, ‘one-component’ soft material Frank-Kasper
(FK) phases, which arise from the topological close packing (TCP) of
‘deformable’ sphere-shaped particles, have now been experimentally
verified for amphiphilic liquid crystals and dendrons, block
copolymers, ‘giant’ molecules and surfactants, and colloidal
nanoparticles."”  Frank and Kasper'® originally developed the
concept of TCP to rationalize how the complex crystal structures of
certain intermetallic alloys arise through the packing of asymmetric
polyhedral that are associated with different sets of atoms that define
a particular coordination number, CNx, where x = 12, 14, 15, or 16.
For example, as shown in Fig. 1, the unit cell of the cubic FK A15
(Pm3n) phase, which is found for some bimetallic alloys with A;B
stoichiometry (e.g. NbsSn), can be seen as arising from two
crystallographically equivalent B sites that reside within CN12
distorted icosahedra, while six equivalent face-shared A sites are
associated with CN14 polyhedra. Other commonly encountered
bimetallic FK phases include the Laves C14 and C15 structures for
AsB alloys (e.g. MgZn,), and the complex ¢ phase for AB alloys of
indeterminate stoichiometry (e.g. CrFe) that is comprised of atoms
that are now grouped into five different sets within a tetragonal unit
cell. The FK & phase can also be viewed as an approximate for a non-
periodic dodecagonal quasicrystal (DQC) structure.!"'>  Given the
successful material science of ‘hard’ sphere FK phases, which
includes the discovery of superconducting properties for Al5
bimetallics'?, one of the primary interests in the occurrence of similar
one-component soft matter FK phases is the desire to understand the
underlying principles and mechanisms by which an initial set of
identical spherical particles can be driven to reconfigure and self-sort
into two or more sets with different size or shape, and importantly,
with different free energies.'*!>  Unfortunately, based on the
structures and properties of the extremely small number of soft matter
FK phases reported to date, significant barriers to answering this
question, and others, currently exist, and these include, undefined or
limiting mechanisms and processes for thermotropic self-assembly,
low thermodynamic or kinetic stability, and low-yielding syntheses
of structurally-complex precursor materials. For the discovery of new
physical properties and phenomena, and ultimately, new
technological innovations that are beneficial to society, it is also
attractive, or perhaps even critical, if the scalable production of
practical quantities of new soft matter FK phases can be achieved
within the range of a few grams to up to several kilotons using short
and reproducible synthetic schemes that are based on inexpensive,
readily-available, and sustainable feedstocks. Herein, we report the
serendipitous discovery that the one-component sugar-polyolefin
conjugate derivative represented by triazole-linked, cellobiose-
atactic poly(4-methyl-1-pentene) (CB-aPMP) 1 of Fig. 2 is capable
of forming a soft matter FK A15 phase through a self-assembly
process that proceeds through fast and irreversible thermotropic
order-order transitions involving an initial hexagonal cylindrical (C)
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Fig. 1. Representations of the cubic Frank-Kasper A15 phase with space group
Pm3n showing (a) the unit cell content for a typical AsB bimetallic alloy with two
crystallographically-equivalent corner and center B atoms (purple) and six
equivalent face-shared A atoms (green), and (b) distorted polyhedral centered on
B atoms with CN12 (red) and on A atoms with CN14 (blue). Note that B and A
atoms in (a) and (b) are represented by spheres of arbitrary but equal size.
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Fig. 2. Structure and synthesis of sugar-polyolefin conjugate 1.

phase and a transient A15 intermediate. Importantly, upon cooling to
room temperature, this final A15 phase of 1 displays exceptional
stability in the solid state by remaining unchanged after storage under
ambient conditions for, at least, three months, and after repetitive
thermal cycling between 25 °C and 180 °C. A proposed new, and
potentially general, mechanism that accounts for these observations
is based on a symmetry-allowed epitaxial transition pathway that
uniquely avoids the need to invoke either dynamic mass transfer of
molecular components between spheres or large structural
reorganizations in the bulk to occur in order to establish unit cell non-
equivalency of particles. Since a wide variety of sugar-polyolefin
conjugates, including 1, can indeed be obtained through simple
synthetic routes in practical quantities from readily-available and
sustainable precursors, our results serve to establish a potential path
to viable scalable production and technological innovations of stable
sugar-polyolefin FK A15 phases that further have the benefit of
possessing intrinsic chirality and chemical reactivity that are
associated with the sugar domain.

We have previously reported that sugar-polyolefin conjugates can
be conveniently obtained through the chemical linking of a polar
saccharide ‘head’ group with a hydrophobic ‘tail’ derived from an
end-group functionalized poly(a-olefinate) (xPAO) of tunable
molecular weight and very narrow molecular weight distribution, also
known as polydispersity.'®!” The xPAO precursors are, in turn,
prepared through the transition-metal-mediated living coordinative
chain transfer polymerization (LCCTP) of a common a-olefin
monomer, such as propene and 4-methyl-1-pentene (4M1P).!8
Importantly, through programmed variations in molecular weight and
the space-filling requirements of the polyolefin pendant side chain, a

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



wide variety of occupied free volumes for the hydrophobic domain of
sugar-polyolefin conjugates can be easily designed and synthesized.'

In the present report, ultra-low molecular weight amorphous,
atactic azido-terminated poly(4-methyl-1-pentene) (N3-aPMP) (2),
with a number-average molecular weight index, M,, of 1.0 kDa and a
polydispersity index, D (= M,,/M,), of 1.05, where M,, is the weight-
average molecular weight index, was prepared through the LCCTP of
a fixed amount of 4M1P using previously published methods.!®!® As
shown in Fig. 2, sugar-polyolefin conjugate 1 was next prepared in
high yield through the copper-mediated ‘click’ reaction between 2
and the cellobiose propargyl amide derivative 3. After purification,
matrix-assisted laser desorption ionization (MALDI) mass
spectrometry of 1 provided M, and D values of 1.4 Da and 1.05,
respectively, and this material was shown to exist by '"H NMR
spectroscopy as a non-interconverting 3 : 1 mixture of  and a
stereochemical anomers.

Thermal analysis of 1 conducted using differential scanning
calorimetry (DSC) between -70 °C to 200 °C revealed glass transition
temperatures, Ty, of 19 °C and 80 °C that are assigned to the aPMP
and CB domains, respectively. However, given the hybrid nature of
the sugar-polyolefin structure, we view 1 as neither bearing the traits
of a conventional liquid crystal nor of a block copolymer. Thermal
stability of 1 was further assessed by a thermogravimetric analysis
(TGA) conducted under an inert atmosphere of dinitrogen, and this
study showed that significant weight loss only starts to occur above
250 °C, which we assign as the lowest decomposition temperature
limit. Notably, the lack of any appreciable weight loss below this
temperature is taken to signify that 1 is not hygroscopic, nor does it
retain water or other polar impurities in the solid state. Finally, we
have previously documented that sugar-polyolefin conjugates that
incorporate a low molecular weight, amorphous afactic polypropene
domain undergo microphase separation within ultrathin films as
evidenced by surface structural analysis using phase-sensitive,
tapping mode atomic force microscopy (ps-tm AFM).!®!7 However,
similar ps-tm AFM characterization of unannealed and thermally-
annealed (e.g., 130 °C for 18 h) ultrathin films of 1 supported on both
hydrophobic and hydrophilic substrates revealed only featureless
surfaces.

In contrast to the less-than-promising AFM results for 1, a
preliminary routine variable-temperature synchrotron small angle x-
ray scattering (SAXS) investigation performed with a bulk sample
uncovered surprising evidence for a rich thermotropic phase behavior.
Fig. 3 presents selected 1D SAXS results that were collected at
intervals of time and temperature during a heating temperature ramp
profile of 1 °C / min performed over the range of 30 °C to 220 °C
with a 10 second exposure time for each data set. Between data
collections, the sample holder was incrementally rastered to a new
position in order to minimize beam damage. Finally, the upper
temperature of 220 °C was selected to be well below the onset of
thermal decomposition. However, even then, it must be noted that
solid samples of 1 were always observed to visually darken upon
heating in vacuo to this temperature

As shown in Fig. 3a, a nascent hexagonal phase of 1 was first
observed to exist at 31 °C for a bulk sample that had no prior thermal
history. Between this temperature and 136 °C, clear evidence for
formation of a highly ordered hexagonal cylindrical (C) morphology
was now obtained with q/q* peaks appearing at 1, V3, v4,v7,and V9
(gq* =0.1294 A-") for the 136 °C data set that are indexed to the /kl
Miller planes of (100), (110), (200), (210), and (300), respectively
(see Fig. 3b). Upon increasing temperature further, C continued to be
the only phase for 1 that was present up to a temperature of 145 °C,
at which point, a new phase for 1 started to appear and continue to
grow in at the expense of C through an apparent order-order phase
transition (c¢f, SAXS results for 157 °C and 181 °C of Fig. 3a). Quite
surprisingly, however, above 181 °C, this new second phase of 1 was
shown to be only transient in nature, and it too appeared to convert to
a final third phase through another order-order transition until the
latter was the only phase observed at 212 °C and up to the temperature
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Fig. 3. (a) Selected synchrotron 1D SAXS data for a solid sample of 1 obtained
at fixed time intervals during a heating rate of 1 °C / min starting from an initial
temperature of 30 °C and up to a final temperature of 220 °C. (b) SAXS data from
(a) at 136 °C with hk/ Miller indices assigned for a hexagonal cylindrical (C) phase.
(c) Additional selected SAXS data obtained in (a) with expanded x-axis showing
coexistence of C (*), a transient FK A15; phase () and a final equilibrium FK
A15¢ (m). (d) SAXS data from (a) at 212 °C with hk/ Miller indices assigned for the
FK A15¢ phase.

limit of 220 °C. As highlighted with additional selective SAXS data
from this same temperature ramp experiment that are reproduced in
Fig. 3c, it is interesting to note that within the temperature range of
195 °C to 205 °C, all three phases of 1 were seen to coexist, which is
a highly rare phenomenon for the thermotropic phase behavior of soft
materials.!” Finally, the number and pattern of intensities for the
scattering peaks observed in the 1D SAXS data for both of the two
new phases of 1 are signatures for the cubic FK Al15 unit cell
structure.' Indeed, thirteen  peaks at g/q* =
V2,v4,v/5,/6,8,4/10,v12, V13,V14,4/17,V18,v21, V29 were
successfully matched to those expected for this particular FK phase
at 195 °C, with q* = 0.0805 A"! for the ‘transient’ phase, A15;, and
q*=0.0823 A'! for the final equilibrium structure, A15. (see Fig. 3c).
In further support of this structural assignment, Fig 3d provides the
corresponding assignments of the skl Miller planes to the scattering
peaks observed for the pure A15. phase obtained at 212 °C.
Structural parameters for the C, A15; and A15. phases of 1 were
derived from the variable temperature SAXS data of Fig 3 in standard
fashion. Of particular interest is the observation that the cylinder-to-
cylinder domain spacing for C, d. = 2(d110), where di10 = 27/(qi10), 1S
observed to decrease in a linear fashion as temperature is increased,
and more specifically, with a 4.1% decrease starting from an initial d.
value of 5.84 nm at 31 °C to only 5.61 nm at 136 °C. This trend in
decreasing d. value continues at temperatures where coexistence with
the two A 15 phases occurs, however, it is possible that more than one
dynamic process may be responsible within this temperature range
(vide infra). Finally, for the two cubic FK phases, A15;and A15., the
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SAXS data analysis provided relatively close values for the unit cell
length, a, for temperatures at which the two phases coexist, and more
specifically, a;= 11.10 nm and a. = 10.81 nm, respectively at 195 °C.
However, a significantly larger difference was observed at 212 °C,
with the latter now having a calculated a. value of only 10.58 nm,
which represents a 4.7% decrease relative to the former. Regarding
long-term stability, an isothermal experiment was conducted using an
in-house SAXS instrument at a fixed temperature of 180 °C and over
a time period of 900 min. Importantly, as the data provided in the
Supporting Information confirm, C cleanly converted once again to
the final A15. phase, but in this study, no evidence for the Al15;
intermediate phase was now seen, potentially due to the equilibrating
conditions of this study. As noted previously, an additional surprising
finding was that a pure A15. phase obtained by thermal annealing of
1 at 180 °C remained unchanged after being cooled to room
temperature, and this stability was seen to persist for extended periods
of time under ambient conditions and upon repeated thermal cycling.
To the best of our knowledge, the thermodynamic and kinetic stability
of the A15. phase of 1 is unprecedented vis-a-vis all other reports of
soft matter A15 phases obtained through a phase transition.

To obtain more structural information, a le Bail refinement of the
synchrotron SAXS data for the A15. phase of 1 obtained at 212 °C
was performed using the JANA2006 program to provide a calculated
set of Akl reflections and intensities that were then used as input for a
SUPERFLIP computational reconstruction of the three-dimensional
electron density for this structure which is displayed in Fig. 4.2%! In
keeping with similar analyses performed for other soft matter FK A15
phases, we interpret the high electron density regions shown in the
unit cell of Fig 4a as being associated with the sugar domains of core-
shell micelles formed from 1 while the colorless region is occupied
by aPMP hydrocarbon chains. For the corner and center ‘B sites’ (cf.
Fig 1a), these micelle cores adopt a near-spherical geometry, whereas
in the ‘A sites’, the sugar domains are now more decidedly oblate in
shape. Finally, while the A15 structure is reproduced each time,
separate solutions provided by SUPERFLIP have yielded relative
volumes that range from the A site being 0 to 25% larger than the B
site and this variance is likely due to the quality of the experimental
SAXS data and refinement that has been acquired to date. With
respect to the extended structure, Fig. 4b and Fig. 4c provide different
perspectives of the electron density map for a 4x2 lattice of eight unit
cells in which three orthogonally-aligned chains of A sites can now
be seen as one of the well-recognized features of the A15 phase. We
also present a unique perspective that is presented in Fig. 4d of the
electron density for this 4x2 lattice that is now oriented normal to one
set of the 3-fold proper rotation axes that are centered along chains of
B sites. Most notably, this last perspective serves to highlight the
existence of 3 screw axes defined by helical chains of A sites that are
arranged in alternating clockwise and counter-clockwise fashion
about each of the 3-fold proper rotation axes. We believe that
recognition of this last set of symmetry elements is key to
understanding the mechanism for highly efficient thermotropic self-
assembly of 1 into an exceptionally stable FK A15 phase.

To begin, low-level molecular mechanic simulations show that the
aPMP fragment of 1 can adopt both wedge- and cone-shaped space-
filling conformations, with the latter being favored at higher
temperatures. In this manner, aPMP fulfills the role previously
played by the highly branched dendrons of a dendritic liquid crystal
that initially forms a hexagonal columnar C phase through the self-
assembly of wedge-shaped molecular units.?? Upon heating, however
these dendrons convert to cone-shaped units that drive the conversion
of cylinder domains into a hexagonal array of stacked spherical
particles that then undergo rearrangement to provide an Al5
structure.? Although this reversible thermotropic C <> A15 transition
has been proposed to proceed in epitaxial fashion, specific
mechanistic details are lacking other than to recognize that large
structural reorganization of spherical particles within the bulk is not
likely to be occurring.?? Similar transformations of cylinders into
stacks of spherical particles have been proposed for block copolymers
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Fig. 4. Experimentally derived electron density maps for the FK A15¢ phase of 1
and displayed as (a) a single unit cell and (b-d) for different orientations of a 4x2
lattice of eight unit cells.

Fig. 5. Proposed mechanism for solid-state epitaxial order-order transition
between rhombohedral to cubic A15 phases via structural displacements of linear
chains of spherical particles shown in the oblique (upper) and top (lower) views
of (a) to form alternating 3+ (light green) and 32 (dark green) helical chains in the
corresponding oblique and top views of (b). In (c), removal of all features lying
outside the boundaries of a cube with sides of length, aais, serves to generate
the unit cell of the A15 phase.

undergoing an order-order transition between C and body-centered
cubic (BCC) phases.'®**?> Accordingly, it is reasonable to assume a
similar first step in the C — A15 transition pathway for 1, which is
further supported by the significant reduction in inter-cylinder
spacing that is observed as these domains are presumed to narrow in
diameter and elongate prior to ‘pinching off” to form stacks of spheres.
Next, since a direct transition between hexagonal and cubic structures
is not formally allowed on the basis of symmetry restrictions, small
inter- and intra-layer displacements can convert an initial hexagonal
co-facial layered AAA stacking of spheres into a rhombohedral ABC
stacking arrangement. Indeed, similar hexagonal to rhombohedral
structural transitions have been reported for stacked columns of
spherical Au nanoparticles that also form ABC layered structures
similar to that depicted at left in Fig. 5.26*” Finally, since
rhombohedral to cubic transitions are also symmetry-allowed, and as
Fig. 5 further reveals, we propose that in the present case, this occurs
through a simple structural displacement of linear chains of spheres
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into alternating 3, helical arrangements according to Fig. 5a and 5b.
As can be seen in the top views of these figures, a driving force for
this linear to helical chain structural change could be to maximize
packing of spheres within the triangular interstitial spaces of the
hexagonal layer. Further, since any movement along this transition
pathway is sufficient to generate an A15 structure (see Fig. 5c) this
proposed mechanism provides support for initial formation of a
transient A15 intermediate that then transitions to a final equilibrium
A15 phase through a unit cell contraction that might occur with
subsequent deformation of the spherical shape of particles at A sites.
A similar occurrence of a transient BCC phase has been reported for
a C — BCC order-order transition of a diblock copolymer.?® Finally,
we speculate that the significant amount of lattice parameter
contraction that occurs in the C— Al5; — AlS5. transition path
provides a high energy barrier for the reverse process, and
accordingly, a high degree of kinetic stability for the final A15. phase
of 1.

A unique feature of the C — A15 transition mechanism proposed
in Fig. 5 is that it avoids the need to invoke any large structural
reorganizations of spheres, such as spatial translocation between
different cylindrical columns®, as well as, dynamic mass transfer of
components between spheres to establish sets with different sizes that
then go on to form various FK phases. This latter mass-transfer
mechanism has been championed as a way to rationalize the
emergence of a variety of FK phases of block copolymers from the
melt or disordered state, and it has received strong support from
computational models based on self-consistent field theory.*!415.28-
30" Although we do not dispute that this bulk mass transfer mechanism
might be operative for block copolymers under the conditions
reported, we also strongly believe that further development of the area
of soft matter FK phases will be severely limited if the mass-transfer
process represents the only way to access these novel structural forms.
In this regard, although the mechanism of Fig. 5 might also be limited
to the facile formation of only A15 phases, it nonetheless provides a
realistic strategy for designing and targeting derivatives with much
higher molecular weights that can potentially provide access to
significantly larger A15 unit cells that are required for some potential
applications, such as photonic crystals. Here, it is notable that a wide
variety of soft materials are well known to assemble into the
commonly encountered C morphology. As a final point, we believe
that the ease of scalable production of a wide spectrum of different
derivatives of sugar-polyolefin conjugates can significantly lower the
barrier to the future scientific and technological development of one-
component soft matter FK phases.
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Solid-state ‘one-component’ soft material Frank-Kasper (FK) phases are a new
structural form of matter that possess periodically ordered structures arising from the
self-reconfiguration and close packing of an initial assembly of identical ‘deformable’
spheres into two or more size- or shape-distinct sets of particles. Significant
challenges that must still be addressed to advance the field of soft matter FK phases
further, however, include their rare and unpredictable occurrence, uncertain
mechanisms of solid-state assembly, and low thermodynamic stability. Here we
show that a readily-accessible sugar-polyolefin conjugate quantitatively produces an
exceptionally stable solid-state FK A15 phase through a rapid and irreversible
thermotropic order-order transition, which contrary to other prevailing proposed
mechanisms, does not require mass transfer between particles or large structural
reorganization in the bulk to establish unit cell non-equivalency. Our results provide
the basis for a realistic strategy for obtaining practical and scalable quantities of a
diverse range of sugar-polyolefin FK A15 phases with unique intrinsic physical
properties and chemical reactivities not previously seen for soft matter FK phases.



