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Rapid Phase Transitions of Thermotropic Glycolipid Quasicrystal and
Frank-Kasper Mesophases: A Mechanistic Rosetta Stone
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Abstract: Experimental results are presented that serve
to lower the barrier for developing the science and
technology of non-classical thermotropic glycolipid mes-
ophases, which now include dodecagonal quasicrystal
(DDQC) and Frank–Kasper (FK) A15 and σ meso-
phases that can be produced under mild conditions from
a versatile class of sugar-polyolefin conjugates. By
employing “alloys” comprised of mono- and disacchar-
ide-polyolefin conjugates, and optionally with vitamin E
as a small molecule phase modulator, we report the
spontaneous formation of stable A15 mesophases at
ambient temperature. We further document a rich
thermotropic phase map that includes DDQC, A15, and
σ mesophases of tunable periodicity that are connected
through rapid thermotropic phase transitions as a
function of increasing temperature in the order: liquid-
like packing (LLP)!DDQC! A15!σ! disorder. This
first direct observation of a rapid thermotropic A15!σ
phase transition provides support for a diffusionless
martensitic process proceeding through strain-induced
introduction of planar defects into the A15 lattice.

Introduction

Delineating the rules that dictate the design and rapid
fabrication of soft matter quasicrystals (QC) and Frank-
Kasper (FK) mesophases can have far-reaching implications
for life, science, and technology.[1] These range from
questions regarding the abiotic origins of protocells with
nascent capabilities for complex hierarchical compartmen-
talization of function,[2] to the development of reconfigura-

ble smart materials for shape-shifting photonic
applications.[3] For these goals and others to become fully
realized, however, new paradigms are required that can
greatly accelerate the rate at which new structural categories
of soft matter QC and FK phases are conceived and
validated, and viable mechanisms for kinetically fast phase
transitions that occur in the bulk under technologically-
useful conditions are identified and exploited to provide
thermodynamically-stable or long-term metastable states.

Soft matter FK mesophases can be viewed as arising
through the tetrahedral-close-packing (TCP) of deformable
micelle particles that must be able to accommodate the
space-filling requirements of different distorted polyhedra
that represent the Wigner-Seitz (WS) cells associated with
unique sets of crystallographically distinct sites within the
periodic lattice.[1,4] As a corollary, since only a fixed number
of these polyhedra can satisfy the requirements of TCP, and
which are limited to those with the number of faces (Z)
being 12, 14, 15, or 16, only a finite number of FK
mesophases can exist. Figure 1 presents the packing arrange-
ment of WS polyhedra associated with the unit cells for the
FK A15 and σ phases, which are the two most commonly
encountered for a wide structural range of soft matter.[5–13]

In cubic A15 (Pm�3n), a set of two equivalent corner-shared
and body-centered sites are occupied by Z12 polyhedra
(blue, Wyckoff position 2a) and these are complimented by
another set of six equivalent face-shared sites that are filled
by Z14 polyhedra (green, 6c), for a total of eight particles
(see Figure 1b). The tetragonal σ (P42/mnm) phase is more
complex in that five sets of unique sites now exist, and these
are occupied by two Z12 (blue, 2b), eight Z12 (magenta, 8i),
eight Z14 (green, 8i’), eight Z14 (red, 8j), and four Z15
(yellow, 4f) WS polyhedra for a total of thirty particles. In
contrast, the much simpler classical body centered cubic
(BCC) (Im�3m) unit cell consists of only a single set of two
particles as shown in Figure 1b. Importantly, although
slightly different shapes and cell volumes are associated with
the various site-specific WS polyhedra (see Figure 1a), there
is no a priori requirement that deformable micelles located
at these different unit cell positions must be size differ-
entiated with respect to the average aggregation number of
micelle components, <N> , if one is considering the full
scope of kinetically trapped, metastable, and equilibrium-
favoured mesophases within a particular system. Finally, the
3D lattices of the FK A15 and σ mesophases can be
represented by 2D tiling schemes in which squares and
triangles arise from the overlay of alternating layers with a
“dense” (z=0, 1=2 and 1) and “sparse” (z= 1=4 and 3=4)
number of sites, with z being the lattice direction that is
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perpendicular to the plane of the tiling.[5] The connection of
A15 and σ mesophases to that of a soft matter DDQC now
becomes apparent when one compares the 2D tiling
representation for all three as presented in Figure 1c.
Indeed, both A15 and σ are considered approximants for
DDQC with the distinction that while the latter is aperiodic
within the xy plane, it is still periodic in the z direction.

Over the past two decades, thermotropic QC and FK
mesophases (e.g. A15, σ, C14 and C15 laves, and Z) have
been discovered and characterized for several different
classes of soft matter that include: dendritic liquid crystals
(LCs), block copolymers, geometry-constrained “giant”
molecules, and DNA and colloidal nanoparticles.[6–14] Sur-
prisingly, however, the relative stabilities and the mecha-
nisms by which phase transitions can occur between various
non-classical TCP and classical thermotropic mesophases
still remain somewhat murky and unsettled. More to the
point, there is increasing experimental agreement between
results obtained for different soft matter categories that,
within a given “one-component” system, the temperatures
at which various classical and non-classical thermotropic
mesophases appear is in the order: DDQC (lowest)<A15<

σ<BCC (highest). However, establishing which of these
observed mesophases represent kinetically trapped, metasta-
ble, or thermodynamic equilibrium states remains an un-
fulfilled goal that is complicated by the well-documented
dramatic impact that small variations in the structures of
very closely related micelle components can have on the
thermotropic phase maps of many different types of soft
matter. Regarding the mechanisms by which these thermo-
tropic phase transitions occur, it has been proposed by
many, and now almost universally accepted as dogma, that a
reconstructive (diffusion) mechanism must be involved that
results in changes to <N> and micelle size dispersity
through intermicellar mass transfer of components. For
instance, Bates, Lodge, and co-workers[9j] have proposed for
a reversible thermotropic σ $BCC phase transition that a
reconstructive process occurs through a repartitioning of
<N> into different mesophase-dependent cardinal num-
bered sets of size-differentiated micelle particles that come
about through mass transfer of components and micelle size
self-sorting. On the one hand, a reconstructive phase
transition mechanism would appear to be supported by the
slow kinetics often reported for establishment of a new
thermodynamically favoured soft matter TCP equilibrium
mesophase, which requires several hours to days to even
several months after a change in temperature has occurred.
Further, while thermotropic A15 and σ mesophases have
been observed to independently emerge for a one-compo-
nent system at different temperatures, to date, there has not
been a report of the direct observation of a A15!σ (or vice-
versa) order-order phase transition. Looking at the change
in complexity of the unit cells for each mesophase (see
Figure 1b), one might instinctively assume that only a
reconstructive mechanism is possible for interconversion of
these two TCP lattices. On the other hand, group theory
considerations establish that a symmetry-allowed cubic
(A15) to σ (tetragonal) martensitic diffusionless pathway
can potentially exist. And if validated, one would expect to
be able to observe phase transition kinetics that are orders
of magnitude faster than a reconstructive process, which
then also opens the door to a much greater range of
scientific questions and potential technological applications.

In 2019, we reported the first definitive example of a
cyclic-hexose-based glycolipid thermotropic A15 mesophase
for the sugar-polyolefin conjugate 1a shown in Figure 2 that
is comprised of a cellobiose (CB) disaccharide head group
tethered to an atactic poly(4-methyl-1-pentene) (aPMP) tail
through a 1,2,3-triazole linker that is formed via “click”
chemistry between the two domain precursors.[15] We further
proposed a symmetry-allowed hexagonal-to-rhombohedral-
to-cubic diffusionless phase transition mechanism that could
account for results obtained from a variable temperature
synchrotron small angle x-ray scattering (VT-SAXS) inves-
tigation in which an initial classical hexagonal cylindrical
(Hc) mesophase was observed to rapidly convert into a final
equilibrium A15 lattice through small in-plane positional
displacements of micelle particles, followed by corona
reshaping of the polyolefin domain to fulfil the space
requirements of the WS polyhedra.[15c] Importantly, in
contrast to all other soft-matter TCP-based mesophases, this

Figure 1. Schematic representations of (a) packing of WS polyhedra for
unit cells of A15 and σ and color-coded with respect to the different
sets of crystallographically unique sites at the Wyckoff positions shown
in parentheses, (b) unit cells of A15, σ and BCC showing sets of
equivalent crystallographic sites color-coded using spheres of equal but
arbitrary size, and (c) 2D tiling patterns for DDQC, A15, and σ lattices
with dense (z=0, 1=2, 1) and sparse (z= 1=4,

3=4) layers indicated by
different color-coded spheres and with unit cells marked by red
boundaries.
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final A15 mesophase of 1a was shown to be exceedingly
stable and robust under ambient conditions for periods of at
least several months. Finally, within the same year, we
quickly followed up these preliminary results with a report
of the observation of more complex thermotropic phase
behaviour of blends comprised of the CP-aPMP derivative
1b and vitamin E in which the latter could be used as a
“small molecule phase modulator” for globally lowering
overall phase transition temperatures and providing access
to not only A15, but σ and BCC mesophases of this sugar-
polyolefin conjugate as well.[15d] Figure 3 presents a summary
of the important results obtained through a VT-SAXS study
of these blends in which a triple point for co-existence of all
three mesophases, {A15, σ, and BCC}, was established for
different combinations of temperature and percent vitamin
E within the blend with 1b. An evaluation of the complete

collection of VT-SAXS data led us to posit a relative
stability ordering of A15 (most stable)<σ<BCC (least
stable). Further, given the close similarity in the first-order-
derived micelle dimensions presented in Figure 3, we
speculated that these co-existing mesophases could possibly
be interconverting through other cubic-to-tetragonal-to-
cubic symmetry-allowed pathways involving small micelle
particle displacements, rather than through a reconstructive
process requiring repartitioning of <N> through intermicel-
lar mass transfer and size-self-sorting. Unfortunately, this
investigation did not establish conditions and blend compo-
sitions that could provide a pure glycolipid σ mesophase, nor
were we able to capture evidence for a direct A15 ! σ
order-order phase transition under either isothermal con-
ditions or a temperature ramp within a synchrotron VT-
SAXS study.

Herein, we now report new results obtained from our
ongoing investigations of the thermotropic phase behaviour
and mesophase structures of sugar-polyolefin conjugates in
which the following advances are established: (1) the first
example of a glycolipid A15 mesophase that spontaneously
forms at ambient temperature, (2) the first examples of pure
glycolipid DDQC and σ mesophases, (3) direct observation
of a continuous series of rapid phase transitions within a
sugar-polyolefin “alloy” blend that proceeds according to
liquid-like packing (LLP)!DDQC!A15!σ!disorder
(DIS) as a function of increasing temperature, and (4) direct
observation of a rapid A15!σ order-order phase transition
that provides support for a symmetry-allowed diffusionless
martensitic process that proceeds through simple strain-
induced introduction of planar defects into the initial A15
lattice to directly provide the final σ mesophase. Collec-
tively, these findings serve to significantly lower the barrier
for development of the science and technology of non-
classical glycolipid mesophases. Further, by extension, our
discovery of thermotropic QC and FK mesophases of
glycolipids that form under relatively mild conditions now
raises the intriguing possibility and encourages the search
for naturally occurring analogues that might exist within
terrestrial and non-terrestrial environments.

Results and Discussion

The present project was motivated by the desire to answer
the following questions: (1) can new designs for sugar-
polyolefin conjugates be conceived and validated, and
possibly as blends with vitamin E, to provide access to new
TCP-based mesophases at, or near, ambient temperature?
(2) can a pure σ mesophase be obtained, and if so, can it
engage in verifiable order-order phase transitions with other
thermotropic QC and FK mesophases? (3) can new insights
be obtained regarding the enthalpic and entropic factors
that dictate the relative stabilities of these TCP-based
mesophases and provide the driving force for thermally
mediated phase transitions? and (4) can new experimental
data be acquired that shed light on the mechanisms by which
rapid thermotropic phase transitions for sugar-polyolefin
conjugates, and more expansively for all soft matter TCP-

Figure 2. (a) Structures of mono- and disaccharide sugar-polyolefin
conjugates 1–4 and vitamin E, Ac=acetyl.

Figure 3. Thermotropic phase modulation of the mesophases of the
cellobiose-aPMP sugar-polyolefin conjugate 1b using temperature and
blends with vitamin E.[15d]
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based mesophases, can occur, and ideally, for the crypto-
quintessential example of an A15!σ order-to-order phase
transition?

To address the first goal of forming TCP-based meso-
phases of sugar-polyolefin conjugates under near ambient
conditions, a new design for the polyolefin domain was
considered. For this purpose, the basic “first-order” design
principals presented by Percec, Ungar, and co-workers in
their seminal reports of the discovery and subsequent
development of dendritic liquid crystal QC and FK meso-
phases was implemented.[6] More specifically, these inves-
tigators have proposed using a 2D profile map of the self-
organizing amphiphile to target new hydrophobic domain
structures that have increased lateral extension vs longitudi-
nal length that can then favour spherical inverse micelle
formation and TCP packing. The question then becomes,
how can one design and secure practical quantities of new
non-dendritic hydrophobic domain building blocks that meet
this criterion? In this regard, Hashim and co-workers[16] have
previously reported the thermotropic phase behaviour of
glycolipids comprised of disaccharide “head” groups that are
tethered to bifurcated long-chain “Guerbet” hydrocarbon
“tails”, but no evidence of either QC or FK mesophases
were reported. Further, in the foundational studies by
Willson, Borsali, Isono and their respective co-workers,[17] a
variety of different polysaccharide-based block and graft
copolymers were investigated, but only classical thermo-
tropic mesophases, including lamellar (L), hexagonal cylin-
drical (Hc), and double gyroid (DG), have so far been
observed.[18,19]

We attribute the success of sugar-polyolefin conjugates
to rapidly form both classical and non-classical thermotropic
mesophases to the unique features of the polyolefin domain,
which includes both ultra-low molar mass and a very narrow
molar mass distribution (cf. Mn=1.0 kDa, DPn=12, and Ð
(=Mw/Mn),=1.03 in 1a) that serves to reduce chain entan-
glements and thereby allow for phase transitions to occur at
greatly reduced temperatures than traditionally
observed.[15–19] As previously presented by us, a low-level
molecular mechanics evaluation of 1a further revealed that,
at ambient temperature, the conformational space occupied
by the aPMP is “wedge-shaped”, which favours initial
formation of the columnar Hc morphology. However, at
higher temperatures, the increased dynamics of this hydro-
phobic domain causes it to assume a more “conical-shape”,
which then favors formation of spherical inverse micelles.
The role played by the small molecule phase modulator
vitamin E can be seen as similarly providing an increase in
conformational occupied space through preferential seques-
tration and swelling of the polyolefin domain. Finally, one
must also consider the balance of enthalpic and entropic
factors that are associated with the size of the sugar domain
(e.g. mono- vs. di- vs. polysaccharide), which undoubtedly
includes a degree of hydrogen bonding between the domains
within the aggregated core of the micelles. In this regard, we
have previously reported that when a monosaccharide
galactose (GAL) head group is tethered to an atactic
polypropene (aPP) domain tail (DPn=10), a thermotropic
Hc mesophase was obtained after thermal annealing at

60 °C. In contrast, coupling of a GAL domain with a short
aPMP tail (DPn=8), as presented by 2 of Figure 2, now
produced a “spherical” mesophase after thermal annealing
at the same temperature as revealed by phase-sensitive
tapping mode atomic force microscopy (ps-tm AFM).[15a]

Before discussing our new VT-SAXS structural studies with
2a (see below), we hypothesized for the present study that
an atactic poly(1-hexene) (aPH) domain might be able to
fulfil the desired lateral vs. longitudinal design criterion for
accessing thermotropic spherical inverse micelles at much
lower temperatures. However, since it was not possible to
predict a priori what the optimum relative domain sizes
should be, we decided to initially target the pairing of both
di- and monosaccharide head groups with new polyolefin
tails of different DPn values as presented by the sugar-
polyolefin conjugates 3 and 4 in Figure 2.

In practice, synthesis of the new aPH domain building
blocks was achieved by conducting the living coordination
chain transfer polymerization (LCCTP) of 1-hexene accord-
ing to our previously published methods, which include a
reactive quench with molecular iodine (I2) to provide an
intermediate iodo-terminated aPH material that was then
converted to the final azido-terminated aPH (5) product in
standard fashion (see Supporting Information for full
details).[15,20] The desired CB-aPH conjugate 3 was obtained
through copper-catalysed click chemistry between 5 and a
propargyl-amido-linked CB precursor, while the GAL-aPH
conjugate 4, was produced through a similar click reaction
between 5 and a per-acetylated, propargyl ether GAL
precursor, followed by standard deprotection of the
hydroxyl groups and purification. 1H NMR (800 MHz,
CDCl3, 25 °C) spectroscopy was used to confirm the identity
and purity of 3 and 4, while size exclusion chromatography
(SEC) of 5 and matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry character-
ization of both 3 and 4 provided data that established the
molar mass indices for two different synthetic batches, and
more specifically, for 3a and 4a, DPn=12, Mn=1 kDa, Ð=

1.02, while for 3b and 4b, DPn=6, Mn=500 Da, Ð=1.04)
(see Supporting Information for details).

Synchrotron VT SAXS data were obtained for 1-mm-
thick (bulk) samples of each of the a and b variants of 3 and
4. Significantly, as Table 1 and Figure 4 confirm, replace-
ment of the aPMP fragment of 1a with an aPH domain of
similar molar mass in the case of 3a (DPn=12) proved to be
a suitable substitute for obtaining a highly ordered A15
mesophase that is observed at 150 °C. As Figure 4b shows,
the twenty-one Bragg scattering peaks (q*=0.0804 Å� 1)
obtained at this temperature were successfully indexed to
hkl Miller planes with q/q* values expected for a cubic A15
structure with a unit cell parameter, aA15=11.05 nm. In
comparison, the thermotropic A15 phase of 1a was
previously reported to have aA15=10.88 nm at 180 °C.[15c]

First-order estimates for the corresponding spherical particle
diameter and volume for 3a at 150 °C are: dsphere=6.85 nm;
Vsphere=168 nm3, while those for 1a at 180 °C are: dsphere=

6.75 nm; Vsphere=161 nm3. This observed 5% increase in
Vsphere for 3a over 1a is seen as supporting evidence for the
conclusion that the aPH domain of the former does have a
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slightly greater lateral expansion at a lower temperature
than the aPMP domain of the latter. It is also important to
note that the complete VT SAXS data for 3a only shows
evidence for a Hc morphology, with the distance between
cylinders at 30 °C, dc=5.82 nm, prior to the A15 phase
appearing, which then remains highly ordered up to the
temperature limit of the experiment at 200 °C (see Fig-
ure S16). In contrast, the VT SAXS data for 3b (DPn=6),
which carries a much shorter aPH tail than 3a, revealed only
formation of a Hc mesophase above 100 °C and up to 200 °C,
with the distance between cylindrical domains at 130 °C
being dc=4.01 nm (see Figure S17). Finally, as opposed to
success in obtaining an A15 mesophase with 3a, the VT
SAXS data for the GAL-aPH polyolefin conjugate 4a
surprisingly revealed formation of only a BCC mesophase
between the entire temperature range of 30 °C to 200 °C,
with the calculated lattice and micelle parameters for the
SAXS data obtained at 140 °C being: aBCC=5.37 nm; dsphere=

5.29 nm; Vsphere=77 nm3 (see Figure S18). A similar VT
SAXS investigation of 4b on the other hand showed that a
Hc mesophase that spontaneously forms at 30 °C (unan-
nealed), remains the only mesophase, with dc = 3.91 nm at
110 °C, up to reaching a disordered (DIS) state at 132 °C
(see Figure 4c). By now turning to the use of blends of 4b
and vitamin E, the desired goal of spontaneously producing
a thermotropic sugar-polyolefin conjugate A15 phase at
ambient temperature was achieved. More specifically, as
Figure 4d and Table 1 reveal, in the absence of any prior
thermal annealing, blends consisting of 10%, 20%, and
30% by weight of vitamin E with 4b resulted in the
appearance of highly ordered A15 mesophases in each case,
and with aA15 increasing as a function of the content of the
small molecule phase modulator [cf, aA15 = 7.99 nm (10%
vitamin E) vs. 8.03 (20%) vs. 8.18 (30%) in Table 1]. These
ambient temperature A15 mesophases, which are certainly a
first for glycolipids, additionally proved to be robust for long
periods of time (months) under dry ambient conditions, and
as exemplified by the case of 4b blended with 20% vitamin
E, they are very stable to thermal cycling above the order-
disorder transition temperature (e.g. >153 °C in Figure 4d).
Finally, from an indexing of the A15 mesophase for this last
blend observed at 117 °C, the unit cell length and estimated
spherical micelle parameters were determined to be: aA15=

7.78 nm, dsphere=4.83 nm, and Vsphere=59 nm3, respectively.
This last value corresponds to a remarkable 63% decrease
in volume relative to that estimated for idealized spherical
micelle particles for the A15 mesophase of either 1a or 3a.

Success in obtaining a stable A15 mesophase for blends
of the GAL-aPH conjugate 4b with vitamin E gave us
reason to reinvestigate more carefully the thermotropic
phase behaviour of the GAL-aPMP conjugate 2 that we had
previously reported.[15a] Accordingly, new synthetic batches
of this sugar-polyolefin conjugate were produced by the
reported methods, and these were characterized as having
the molar mass indices for 2a (DPn=8) and 2b (DPn=7)
with Ð=1.03 (see Figure 2). Most significantly, synchrotron
VT-SAXS studies of 1-mm-thick bulk samples revealed that
both 2a and 2b do indeed rapidly produce a thermotropic
A15 mesophase above 60 °C, and structural analysis of the

Table 1: Lattice parameters for A15 and σ mesophases of pure and
alloyed blends of 1–4, including with vitamin E.

Material or Blend aA15

[nm]
aσ, cσ
[nm]

Temp.[a]

[°C]

1a[15c] 10.88 180
1b (1% vit. E)[15d] 10.83 10.79, 20.65 210[b]

2a 7.96 117
2b 7.90 101
2b (1% vit. E) 7.88 60
2b (3% vit. E) 7.82 56
2b (5% vit. E) 7.77 47
3a 11.05 150
4b (10% vit. E) 7.99 30[c]

4b (20% vit. E) 8.03 30[c]

4b (30% vit. E) 8.18 30[c]

4b (20% vit. E) 7.78 117
2 :1 1b : 2a 9.41 176
1 :1 1b : 2a 9.49 103
1 :2 1b : 2b 9.13 97
1 :3 1b : 2a 8.84 8.77, 16.69 100, 158
1 :4 1b : 2b 8.65 80
1 :2 1b : 2b (10% vit. E) 8.91 8.94, 16.89 102, 127

[a] Temperatures at which lattice parameters were determined, with
two temperatures signifying A15 followed by σ. [b] Triple coexistence
with A15, σ, and BCC (see Figure 3). [c] Unannealed.

Figure 4. Selected synchrotron variable temperature 2D-circularly aver-
aged 1D profile SAXS data for: (a) 3a, (b) the data in (a) at 150 °C that
is indexed to an A15 mesophase, (c) 4b, and (d) a blend of 4b with
20% vitamin E.
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data for 2a at 117 °C provided the parameters: aA15=

7.96 nm, dsphere=4.99 and Vsphere=65 nm3. Similar structural
values were also obtained for the A15 mesophase of 2b (cf.
aA15=7.90 nm at 101 °C), however, a side-by-side compar-
ison of the stacked VT-SAXS data for the two samples of 2
also revealed subtle differences in phase behaviour that are
most likely the result of the small change in DPn values (see
Figure S25). Finally, Table 1 also presents results obtained
for a study of the phase behaviour of blends of 2b with
increasing amounts of vitamin E that was conducted with
the hope of new FK mesophases emerging. As revealed,
however, only the appearance of an A15 occurred with 1%,
3% and 5% blends, along with a lowering of the onset
temperature for this mesophase as the content of vitamin E
increased.

The collective synchrotron SAXS results obtained for
both the disaccharide- and monosaccharide-aPMP conju-
gates 1 and 2, respectively, established that stable thermo-
tropic A15 mesophases could be obtained with substantially
different unit cell parameters and micelle particle size – and
in the absence of vitamin E. This new capability next raised
the intriguing question presented in Figure 5 of whether
“alloys” consisting of blends of two distinctly different FK-
mesophase-forming sugar-polyolefin conjugates, such those
represented by 1 and 2, can give rise to the formation of new
chimeric thermotropic A15 mesophases via the TCP-packing
of two different micelle size populations. In this regard,
Cheng and co-workers[11] have successfully pioneered the
use of “giant” molecular amphiphiles with constrained
spatial geometries to access thermotropic QC and FK
mesophases, and through a similar chimeric, or Lego®-
inspired, building block approach, these investigators have
been able to extend the range of TCP-based mesophases
even further. Figure 5 also presents an alternative outcome
of alloying different sugar-polyolefin conjugates, and
namely, the possible formation of “hybrid” A15 mesophases
from the TCP-packing of a population of micelle particles
with an “averaged” set of dimensional parameters that
emerge as a sum of contributions made by both glycolipid
components.[21] This unique alternative hybrid structural
model, if validated, might permit the programmed tunability
of the A15 lattice parameter by simply changing the alloying
ratio of the two types of sugar-polyolefins building blocks –a
feat that has not been previously achieved for any soft
material FK mesophases.

Table 1 further presents a summary of the results
obtained for thermotropic FK mesophases that were

produced and structurally characterized by synchrotron VT
SAXS for a series of alloy blends of 1 and 2 in different
ratios. Significantly, as can be seen, these data established a
clear trend of decreasing a15 lattice parameter for the series
of observed A15 mesophases with an increase in the content
of the monosaccharide-aPMP 2 over that of the disacchar-
ide-aPMP 1. Curiously, however, only the 1 :3 alloy blend of
1b : 2a provided evidence for other TCP-based phases, with
a σ mesophase having emerged at 158 °C during the initial
temperature ramp conducted at 0.2 °Cmin� 1. Isothermal
annealing of this 1 :3 alloy at 140 °C for 6.6 h then provided
a pure σ mesophase as confirmed by SAXS analysis, and for
which values of the lattice parameters, aσ=8.77 nm and cσ=

16.69 nm (cσ /aσ=1.90 and cσ(158°C)/aA15(100°C)=1.89), could be
determined (see Supporting Information). Unfortunately,
attempts to directly observe an A15!σ order-order phase
transition for this 1 :3 1b : 2a blend gave unsatisfactory
results. On the other hand, a repeat of this study employing
a 1 :3 alloy of 1b : 2b now provided evidence of a potential
DDQC mesophase appearing at 83 °C that then transformed
upon heating into an A15 at 91 °C before reaching DIS at
138 °C, but without a σ mesophase having ever emerged.

Prior success with being able to manipulate the thermo-
tropic phase behaviour of sugar-polyolefin conjugates more
extensively by blending with vitamin E prompted us to
employ this strategy with alloys of the CB-aPMP and GAL-
aPMP conjugates, 1 and 2, respectively, as well. Gratifyingly,
after some additional surveying of different blends, the
synchrotron VT-SAXS data obtained for a 1 :2 alloy of 1b :
2b blended with varying amounts of vitamin E finally
delivered the equivalent of a “Rosetta Stone” that could be
used to decipher the unique thermotropic phase behaviour
of these glycolipids, and by extension, potentially for the
broader class of all soft materials.

Figure 6 presents partial synchrotron VT SAXS data
obtained for the 1 :2 alloy of 1b : 2b with 10% vitamin E
starting at an initial temperature of 30 °C (unannealed) and
increasing to 200 °C with a thermal ramp of 0.2 °Cmin� 1,
which corresponds to a time interval between data acquis-
itions of Δt=147 s. Remarkably, one can see a smooth
progression of transitions between several phases for this
single material in the order: LLP!DDQC!A15!σ!DIS.
The LLP to DDQC phase transition closely resembles
similar reported observations with other categories of soft
materials, however, in the present study, we have been able
to capture the kinetics of this transformation on a much
shorter timeframe of only seconds. Of particular note is the
emergence of the (00002) Bragg reflection for the DDQC
mesophase at q=0.1395 Å� 1, which corresponds to a peri-
odic z-stacking parameter for the 2D square-triangle tiling
planes (see Figure 1c) of cDDQC=9.02 nm. The successful
further indexing of the 10 Bragg reflections of the pure
DDQC mesophase that appears at 88.7 °C, as shown in
Figure 6c, also provided a value of the square-triangle edge-
length parameter, aDDQC=8.86 nm (see Supporting Informa-
tion for details). Above this temperature, the series of
stacked 2D-circularly averaged 1D SAXS profiles also
clearly establish the emergence of A15 from DDQC, and
initially in the absence of the σ mesophase. Figure 6b then

Figure 5. Schematic representations of different possible outcomes for
thermotropic A15 mesophases derived from “alloys” of two different
FK-phase-forming sugar-polyolefin conjugates.
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reveals that as temperature continues to increase, the A15
mesophase is cleanly and rapidly converted into σ, until at
127 °C, only the pure σ mesophase exists. Successful indexing
of the Bragg reflections to both the A15 and σ lattices that
are shown in Figures 6d and 6e, respectively, provide the
following unit cell parameters and ratios: aA15(103°C)=8.91 nm
and aσ(127°C)=8.94 nm, cσ(127°C) =16.89 nm, respectively, with
cσ / aσ = 1.89 and cσ(127°C)/aA15(103°C)=1.90. The extremely
close values observed for the periodic lattice parameters for
all three mesophases, {DDQC, A15, and σ}, is also striking

and highlighted further with the near unity ratios that exist
between several pairs (cf. cDDQC(89°C)/aA15(103°C)=1.01;
cDDQC(89°C)/aσ(127°C)=1.00 and aσ(127°C)/aA15(103°C)=1.00). Finally,
Figure 7 presents results that were obtained from a multi-
component regression (MCR) analysis of the entire VT
SAXS data set of Figure 6 that served to quantify the
relative amounts of the contributing mesophases that exist
at each temperature.[22] Here the Δ5.65 °C gap that appears
between 119 °C and 124 °C is due to an unplanned exper-
imental halt in data acquisition that occurred.

Figure 6. Synchrotron VT SAXS analysis of a 1 :2 alloy of 1b : 2b blended with 10% vitamin E providing: (a) selected 1D profiles of 2D-circularly
averaged SAXS data for a temperature ramp from 30 °C to 200 °C at 0.2 °Cmin� 1 that revealed emergence of mesophases in the order of increasing
temperature as: LLP<DDQC<A15<σ<DIS (the black dashed line is for q=0.158 Å� 1 centered on the peak maximum of LLP), (b) stacked plot of
all 1D SAXS profiles acquired between 70.11 °C and 129.40 °C with a temperature ramp as in (a) and an interval time between data acquisition of
147 s [green dotted line corresponds to the (00002) Bragg reflection (q=0.1395 Å� 1) of DDQC, red dotted line corresponds to the (200) Bragg
reflection (q=0.1410 Å� 1) of A15, and blue dotted line corresponds to the (002) Bragg reflection (q=0.1407 Å� 1) of σ], (c) 1D SAXS profile with
selected Bragg reflections (green dashed lines) indexed to a DDQC mesophase to provide the parameters, aDDQC=8.86 nm and cDDQC=9.02 nm,
which correspond to the edge length within the xy plane and the periodic stacking in the z direction, respectively, of the triangle-square tiling
scheme of Figure 1c, (d) 1D SAXS profile of an A15+σ mixture with selected Bragg reflections (red dashed lines) indexed to A15 to provide the
parameter, aA15=8.91 nm, (e) 1D SAXS profile with selected Bragg reflections (blue dashed lines) indexed to a σ mesophase to provide the
parameters, aσ=8.94 and cσ=16.89 (cσ/aσ=1.89).
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It is clear from the results presented in Figures 6 and 7
that the phase transitions for the 1 :2 alloy of 1b : 2b
blended with 10% vitamin E occur sequentially in discrete
steps according to LLP!DDQC, followed by DDQC!
A15, and then A15!σ. The near unity ratios between the
periodic parameters for DDQC, A15, and σ, and the very
short timeframes in which all phase transitions occur, are
very supportive of diffusionless martensitic processes. Thus,
despite the large apparent difference in unit cell complexity,
these results indicate that there must exist a low energy
barrier pathway for converting the A15 lattice (with 8
particles per unit cell) into the σ lattice (with 30 particles per
unit cell) through an order-order phase transition that
proceeds with a minimal change in the dimensions of the
participating micelles, in agreement with our previous report
and hypothesis (see Figure 3).[15d] We further posit that these
new data and observations are incongruent with a phase
transition mechanism that proceeds for the bulk material
through a reconstructive diffusive process involving inter-
micellar mass transfer, micelle-size self-sorting, and TCP
repacking.

Figures 8 and 9 present the foundations for understand-
ing both the mechanism and driving force associated with
the A15!σ order-order phase transition observed in the
present study. To begin, as first proposed by Ishimasa and
Fukano[23] to account for a similar phase transition observed
within bimetallic Ni� Cr alloys, this A15!σ phase transition
can proceed through introduction of two planar defects in
both the (100) and (010) planes of an initial A15 lattice to
directly provide the final σ unit cell. Notably, the cσ /aσ(Α15)
ratio of 2 that is predicted for the “hard sphere” bimetallic
alloy is slightly larger than the corresponding cσ /aσ values of
between 1.89 and 1.90 that have been reported to date for
soft matter FK σ mesophases. It is reasonable to conclude
that this difference is a manifestation of the ability of the
deformable micelles of soft materials to reshape and space
fill the associated WS polyhedra of the σ mesophase more
compactly. It is also important to note that Cheng and co-

workers[11] have obtained experimental evidence for a
thermotropic A15!Z order-order phase transition in their
seminal discovery of a soft matter FK Z mesophase for giant
shape-constrained amphiphiles. These investigators similarly
adopted a mechanism that was previously proposed for a
A15!Z order-order phase transition observed in bimetallic

Figure 7. Results of a MCR analysis of the total data set of 1D VT SAXS
profiles of Figure 6 with plots of mesophase composition as function
of temperature. The Δ5.65 °C gap between 119 °C and 124 °C is due to
a halt in data collection.

Figure 8. Proposed martensitic A15!σ phase transition proceeding
through introduction of two planar defects in the (100) and (010)
planes of an initial A15 lattice.[23]

Figure 9. (a) 2D projections of the Z12 (2a) and Z14 (6c) polyhedra of
A15 enclosing a sphere that just fits withinside the former, (b) extended
A15 lattice showing unit cell packing according to Figure 1, (c) same
lattice as in (b) showing only the three orthogonal hexagon-face-
sharing stacks of Z14 polyhedra, (d) extended σ lattice showing unit
cell packing according to Figure 1, and (e) same lattice of (d) showing
only the single type of hexagon-face-sharing stacks of corresponding
Z14 polyhedra.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202302739 (8 of 12) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202302739 by U

niversity O
f M

aryland, W
iley O

nline L
ibrary on [05/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



alloys that proceeds through introduction of two planar
defects into only the (100) plane of the A15 lattice to
directly provide the Z lattice.[24,25] It is also of interest that
SAXS investigations have been reported for other diffusion-
less martensitic phase transitions between block copolymer
micelle mesophases, including ones involving the introduc-
tion of stack faults.[26]

The remaining questions for the proposed thermotropic
martensitic A15!σ phase transition of Figure 8 then
become, what is the driving force behind this transforma-
tion, and can an answer provide new insights for reliably
predicting the relative stabilities of other canonical and
noncanonical thermotropic soft matter mesophases and the
mechanistic nature of order-order phase transitions connect-
ing them? To begin, we note that A15 is also famously
known as the Weaire-Phelan (WP) structure in the capacity
of it providing a better 3D geometric solution than that
proposed by Lord Kelvin for dividing an idealized foam of
equal-sized bubbles into equal volume cells of minimum
surface area.[27] Extension of the fundamental principles and
geometric analyses upon which the WP solution is based
have provided foundational support for subsequent efforts
to elucidate the entropic and enthalpic factors that govern
the relative stabilities of the broader class of TCP-based
structures comprised of deformable core-corona micelles of
soft materials, and most notably, those of dendritic liquid
crystals and block copolymers.[1,28] This body of work has
further led to the introduction of several physical concepts
and parameters associated with the different WS polyhedra
shapes and sizes, such as those for tracking the magnitude of
chain-packing frustration, τ, and degree of sphericity, ξ.
Figure 9 summarizes some of these considerations that are
useful for qualitatively assessing the relative stabilities of the
A15 vs σ mesophases of sugar-polyolefin conjugates and the
origin of the driving force behind the observed A15!σ
order-order phase transition in the present report. Thus,
according to a proposal first presented by Percec, Ungar and
co-workers,[6b,d] it is clear from a comparison of the Z12 and
Z14 WS polyhedra of A15, that the former has a lower
degree of corona chain packing frustration due to a higher
degree of sphericity, while in the latter, corona chains get
compressed at the two opposing hexagonal faces, but then
need to substantially elongate to fill in the void volume near
the vertices. Figures 9b and 9c further show that an extended
A15 lattice has three sets of orthogonally oriented columns
of these Z14 polyhedra that are stacked through hexagonal
face-sharing. In contrast, an extended lattice model of the σ
mesophase possesses only a single set of hexagonal face-
sharing stacked columns of Z14 polyhedra (see Figures 9d
and 9e). Thus, as temperature increases, one can see that the
A15 lattice should become more destabilized than that of
the σ mesophase due to an increase in chain packing
pressure that occurs predominantly at the shared hexagonal
faces. It is proposed that this increased pressure on the A15
lattice then leads to introduction of strain-induced planar
defects leading to the σ lattice (see Figure 8). Using a similar
qualitative argument, it follows that further destabilization
of the σ mesophase should occur in favour of a BCC lattice
in which no Z14 polyhedra stacking now exists. Swelling of

the WS polyhedra and destabilization of Z14 columnar
stacking through incorporation of vitamin E into the corona
hydrophobic domains should also result in the same order of
increasing appearance of A15<σ<BCC as percent content
of the small molecule modulator increases (see Figure 3).
Finally, although not yet considered in any reported
modelling of relative TCP-mesophase stability, we believe
that, for thermotropic phases, the large role that van der
Waal attractive interactions between the corona of face
sharing WS polyhedra can play in stabilizing one mesophase
over the other has largely not been adequately accounted
for. Accordingly, we further posit that the sequence of LLP
initially organizing into DDQC, which then transforms into
A15 as a function of increasing temperature, is largely
initially directed and dictated by attractive and stabilizing
van der Waal interactions between Z14 hexagonal face
sharing – up to the limit of temperature-induced chain
dynamics that now destabilize this face-sharing interaction.
A more quantitative assessment of how one might be able to
control this fine balance of opposing factors for polyhedra
face-sharing could lead to new soft matter TCP-based
mesophases on demand rather than through serendipity.

Conclusion

The present report serves to significantly expand the
foundations of the thermotropic supramolecular organiza-
tion of glycolipids by employing readily available and
structurally versatile sugar-polyolefin conjugates. In addition
to providing the first example of a glycolipid dodecagonal
quasicrystal and demonstration that both DDQC and FK
A15 mesophases can be produced at ambient temperature,
observation of the first direct rapid A15!σ order-order
phase transition is documented. Importantly, the mechanism
of this transformation can be rationalized as proceeding
through a well-established martensitic process involving
introduction of strain-induced planar defects into the initial
A15 lattice. Qualitative consideration of the driving force
dictating the relative stabilities of A15, σ and BCC lattices
provides an intuitive strategy that can be used to design and
obtain other thermotropic TCP-based mesophases in pro-
grammed fashion. The inclusion and importance of corona-
corona van der Waal interactions that occur for polygon
face sharing between adjacent WS polyhedra should be
included to predict the relative stabilities of various QC and
FK mesophases more accurately. Finally, given the demon-
strated relative ease with which glycolipid thermotropic QC
and FK mesophases can now form, there is a high
probability that naturally occurring analogues can be found
to exist under the conditions of terrestrial and non-
terrestrial environments.
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