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Stable Thermotropic 3D and 2D Double Gyroid Nanostructures with
Sub-2-nm Feature Size from Scalable Sugar–Polyolefin Conjugates
Samantha R. Nowak, K�tchen K. Lachmayr, Kevin G. Yager, and Lawrence R. Sita*

Abstract: Ultra-low molecular weight disaccharide–polyolefin
conjugates with cellobiose, lactose and maltose head groups
and atactic polypropene tails, such as 1, undergo a series of
irreversible thermotropic order–order transitions with increas-
ing temperature to provide nanostructured phases in the
sequence: lamellar (L), hexagonal perforated lamellar
(HPL), double gyroid (DG) and hexagonal cylindrical (C).
The DG phase displays exceptional stability at ambient
temperature and features two interpenetrating sugar domain
networks having a sub-2-nm strut width and a lattice param-
eter, aDG, of 13.1 nm. The unique stability of this DG phase
extends further within ultrathin films all the way down to the
two-dimensional limit of 15 nm in which film thickness, l, is
now less than the surface-oriented unit cell height, hDG. In
addition to raising the fundamental question of what minimally
constitutes a Schoen triply periodic minimal surface and DG
lattice, these results serve to establish the class of sugar–
polyolefin conjugates as a new material platform for nano-
science and nanotechnology.

The next revolutions in science and technology require the
ability to fabricate, with high fidelity, nanostructured materi-
als with sub-2-nm, feature size.[1] Single-digit nanofabrication
of large-area periodic arrays should also ideally be amenable
to high speed roll-to-roll manufacturing involving the self-
assembly of robust nanostructures within sub-100 nm film
thicknesses under non-stringent conditions, and ideally, using
materials that can be obtained in practical quantities from
inexpensive and sustainable precursors.[2] With respect to
these goals, one of the most intriguing nanostructures is the
cubic “double gyroid” (DG) phase that is based on the
Schoen triply periodic minimal surface (TPMS) with Ia�3d
symmetry, shown in Figure 1, in which two enantiomorphic
interpenetrating networks of a minority domain are separated
and enclosed within a matrix provided by a majority phase.[3,4]

Soft matter DG phases have previously been experimentally
observed as a thermodynamically stable equilibrium state
within the phase diagrams of molecular surfactants, liquid

crystals, glycolipids, block copolymers, and “giant” surfac-
tants.[5] Templated nanofabrication using soft matter DG
phases has also been used to generate “hard” gyroidal
nanostructures with potential applications in the areas of
photonics, metamaterials, supercapacitors, high density bat-
teries, and solar energy cells, to name a few.[6] On the other
hand, a condensed state soft matter DG phase with a sub-10-
nm feature size has yet to be observed that displays long-term
stability under ambient conditions within ultrathin films that
are less than 100 nm thick.[7] Herein, we now report that
readily-available and scalable sugar-polyolefin conjugates
with the generic structure of A shown in Scheme 1 can be
used to selectively access a range of thermotropic nano-
structured phases in pure form in both the bulk and within
ultrathin films through a series of well-defined, thermally-

Figure 1. a) Mathematical approximate for the Schoen cubic double
gyroid (DG) of Ia�3d symmetry in which the triply periodic minimal
surface (TPMS) (green) separates two interpenetrating channels (red).
b) Same structure as in (a) but with TPMS removed to highlight the
two enantiomorphic networks (red and blue).

Scheme 1. Structures of sugar-polyolefin conjugates 1–5.
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induced order-order transitions. Importantly, it is established
for several disaccharide-linked atactic polypropene (aPP)
derivatives of A that highly ordered DG nanostructured
ultrathin films with a sub-2-nm feature size are uniquely
stable under ambient conditions in the absence of any
interface modifications involving secondary “bottom” or
“top coats”.[7d,8, 9] Additional results further show that both
the structure of the disaccharide head group and the number-
average degree of polymerization (DPn) of the aPP tail in A
play critical roles in dictating thermotropic phase behaviour
and phase stability, while the structure of the linker and
surface energy of the substrate for the ultrathin films do not
appear to be significant governing factors. Finally, and most
surprisingly, the stability of DG nanostructures of these
disaccharide-aPP derivatives of A extends down to the two-
dimensional limit where film thickness, l, is now less than the
value required to accommodate a complete unit cell lattice
that is preferentially oriented with the (211) Miller planes
aligned parallel to the substrate surface. In addition to raising
the fundamental question of what minimally constitutes
a Schoen TPMS DG lattice, these results serve to establish
the class of sugar-polyolefin conjugates as a new material
platform for nanoscience and nanotechnology.[10]

Using previously published methods, the sugar-polyolefin
conjugates 1–4 of Scheme 1 were easily prepared through
copper-mediated “click chemistry” between a corresponding
disaccharide-based N-acetyl propargyl amide starting mate-
rial and an ultra-low molecular weight, azido-terminated
amorphous atactic polypropene (N3-aPP) building block.[10–12]

The ether-linked cellobiose-aPP conjugate 5 was further
obtained by employing standard carbohydrate synthetic
methods and an ultra-low molecular weight hydroxy-termi-
nated aPP (HO-aPP) precursor.[12] Importantly, both the N3-
aPP and HO-aPP starting materials were, in turn, easily
prepared with a tunableDPn value and very narrowmolecular
weight distribution, as evidenced by a polydispersity index,�
(=Mw/Mn), that is typically � 1.1, through the living coor-
dinative chain transfer polymerization (LCCTP) of propene
followed by reactive quenching and end-group functionaliza-
tion.[10,11] Finally, for each new sample of 1–5 that was
separately synthesized, a combination of gel permeation
chromatography (GPC), high-field 1D- and 2D 1H and
13C NMR spectroscopy, and matrix-assisted laser desorption
ionization (MALDI) mass spectrometry was used to establish
the number-average and weight-average molecular weight
indices, Mn and Mw, DPn, and � values.[12] Here it must be
pointed out that, due to the ultra-low molar masses of the aPP
domains that are being targeted, slight synthetic variation in
the molecular weight-related parameters of each sugar-
polyolefin is unavoidable in going from one batch to another.
On the other hand, since only large variations significantly
impact phase behavior (vide infra), it was possible to use this
synthetic and characterization methodology to create a series
of derivatives for several of the disaccharide-aPP conjugates
of Scheme 1 in order to investigate molecular-weight depen-
dent trends in phase behavior by targeting 500 Da, 1000 Da
and 2500 Da as the molar mass of the aPP domain. Finally,
investigations of the bulk thermal properties of 1–5 using
conventional differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA) only revealed phase
transitions that are dominated by the glass transition temper-
ature, Tg, of the aPP domain, and possibly that of the
disaccharide in the former, while the latter confirmed that all
of these sugar-polyolefin conjugates experience very little
weight loss up to a temperature of 250 8C whereupon the
onset of significant decomposition occurs.[12]

In a preliminary report, we documented that, in the
absence of any thermal history, a bulk sample of 1 withDPn=

31 adopts a lamellar (L) phase as determined by small angle
x-ray scattering (SAXS) acquired at room temperature.[10b]

Phase-sensitive tapping mode atomic force microscopy (ps-
AFM) and grazing incidence SAXS (GISAXS) investigations
of freshly prepared ultrathin films of 1 for l< 100 nm that
were deposited onto highly-oriented pyrolytic graphite
(HOPG) or carbon-coated polycrystalline silicon (c-Si) sub-
strates similarly revealed a lamellar mesophase with the
domains initially oriented perpendicular to the surface (L?)
and with a domain spacing of 6.5 nm.[13] Quite surprisingly,
however, a dynamic thermotropic structural reorganization of
this L? phase of 1 was observed to occur even at the relatively
low temperature of 38 8C to provide a new equilibrium
morphology in which the lamellae are now oriented parallel
to the surface (Lk). Following this facile L? ! Lk structural
reorganization through ps-AFM analysis of heated ultrathin
films of 1 that were rapidly cooled at timed intervals provided
tantalizing glimpses of nanostructured intermediate states.
However, due to the capabilities of the analytical tools and
limited temperature range that were employed at the time, no
concrete structural interpretations of these intermediate
phases could be established.

Intrigued by the facile dynamic structural reorganization
displayed by 1, an extensive variable temperature synchro-
tron SAXS investigation was conducted on a newly synthe-
sized sample, 1a, with DPn= 17 (�= 1.03) by employing
different temperature ramp and jump profiles during which
new data was collected using a 10 second exposure time at
each sample location as it was rastered between data
collections in order to minimize the effects of beam
damage. Due to multiple samples being analyzed during
a typical run, the time between data collections for each
sample was approximately 3 minutes.[12] As presented in
Figure 2, a rising temperature ramp of 1 8Cmin�1, starting
from an initial temperature of 35 8C, revealed the existence of
four distinct thermotropic phases of 1a that are connected
through three well-defined order-order transitions. More
specifically, at the lowest temperature, a pure L phase is
initially observed up to a temperature of 83 8C, whereupon
a new phase begins to grow in and becomes the only phase
that is present at 117 8C (see lowest panel of Figure 2a). By
indexing the Bragg scattering peaks of the latter SAXS data,
which are positioned at q/q*=
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(q*= 0.1045 ��1) (see Figure 2b), the identity
of this new phase was established as being the hexagonal
perforated lamellar (HPL) phase of R�3m symmetry in which
the minor domains that punctuate major domain lamellae are
positioned relative to each other in an ABCA stacked
arrangement.[14] This structural assignment also provided the
HPL unit cell parameters of a= 7.5 nm and c= 16.4 nm for
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a c/a ratio of 2.19, which is very similar to c/a values reported
for other ABCA-stacked HPL phases of microphase-sepa-
rated block copolymers.[14,15]

Further heating of the HPL phase of 1a above 117 8C
resulted in the appearance of yet another phase, which
becomes the only morphology that is present at 149 8C (see
middle panel of Figure 2a). Figure 2b also provides the
results of a successful assignment of the new collection of
fourteen scattering peaks that appear at q/q*=
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(q*= 0.1175 ��1) to a DG Ia�3d
� �

phase with a unit cell
length, aDG, of 13.1 nm.[5,7, 15] Finally, as Figure 2 shows, the
DG phase of 1a was found to be robust at higher temper-
atures, but above 207 8C, it too undergoes an order-order
transition into a hexagonal cylindrical (C) phase. For this final
Cmorphology of 1a, the cylinder-to-cylinder distance, dC, was
calculated from the SAXS data of Figure 2b to be 5.75 nm at
225 8C (q*= 0.1263 ��1).[12] Additional structural information
for the DG phase of 1a was obtained through a le Bail
refinement of the SAXS data using the JANA 2006 program
to provide a calculated set of hkl reflections and intensities
that were then used as input for a SUPERFLIP computa-
tional reconstruction of three-dimensional electron density.[16]

Figure 3 displays the result for one such reconstruction of the
DG phase in which the strut width for the interpenetrating
sugar domain networks, as measured at the midpoint between
two connected triangular intersections, is only 1.8 nm.

For block copolymers, theoretical studies have concluded
that the HPL morphology is a metastable state, and
experimentally, it has been observed as a long-lived inter-
mediate involved in order-order transitions between two
equilibrium mesophases.[14,15,17] On the other hand, the DG
phase is now widely accepted as being a thermodynamic
equilibrium morphology, but with only a small window of
stability within the phase diagram of microphase-segregated
block copolymers of varying segregation strength.[5,17]

In the present work, it is reasonable to assume that the
same epitaxial relationships that have been previously
proposed and documented for thermotropic L $ HPL,
HPL $ DG, and DG $ C transitions in block copolymers

Figure 3. Reconstructed electron density map from SAXS data for the
DG phase of 1a with a unit cell length, aDG, of 13.1 nm. The high
electron density region (aqua) is associated with the sugar domain
that forms two enantiomorphic interpenetrating networks with a strut
width at the midpoint between two triangular intersections of 1.8 nm,
while the white region of low electron density encompasses the
polyolefin domain.

Figure 2. a) Selected VT SAXS data for a sample of 1a. b) Structural
assignments for pure phases obtained at temperatures shown in (a).[12]
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and other soft materials are also operative in the phase
behavior displayed in Figure 2.[15] However, a unique feature
of the order-order transitions involving 1a is that all three
appear to be irreversible, or at a minimum, the reverse C !
DG, DG ! HPL and HPL ! L processes are extremely
slow. Accordingly, it was determined that pure bulk samples
of the HPL and DG mesophase of 1a can be selectively
prepared by simply annealing the material in vacuo at the
proper temperature for a fixed period of time, and once
formed, both phases were shown to be stable at ambient
temperature for at least three months.[12] On the other hand,
a very preliminary study of the dependence of the stability of
the DG phase as a function of humidity revealed that it
rapidly reverts back to the L phase when exposed to � 40%
relative humidity. This result suggests that dehydration of the
cellobiose polar domains might serve to “lock-in” the differ-
ent phases of 1a that are observed at increasing temperature.
A more thorough investigation of the stability of all the
thermotropic phases of 1a over much longer periods of time
and under a variety of environmental conditions is currently
in progress.

Robust, highly ordered ultrathin films ofDG phases are of
particular interest for potential nanotechnological applica-
tions that include, for instance, nanoporous membranes and
gating layers that can mediate selective high density proton,
electron, and ion conduction.[6d,18] Unfortunately, due to
strong surface energy and interface effects that can conspire
to override thermodynamic stability, a soft matter DG phase
has not been previously observed within sub-100-nm thick
films in the absence of pre- or post-modification of surface
energies of the supporting substrates and the air-film interface
using bottom and top coats of a different material, or under
tightly controlled environmental conditions.[7f,19]

Further, while bulk thermotropic DG phases have been
previously observed for glycolipids,[5,13d] to the best of our
knowledge, this same nanostructured morphology has not yet
been reported for any class of saccharide-hydrocarbon within
an ultra-thin film construct. Accordingly, a variable temper-
ature synchrotron 2DGISAXS investigation of ultrathin films
of 1a that are supported on hydrophobic c-Si substrates was
conducted using various temperature ramp and jump profiles
in order to determine if the unique stability observed in the
bulk for the HPL and DG phases also occurs in ultrathin
films.

Figure 4 summarizes the results of a variable temperature
GISAXS investigation of a freshly prepared 65-nm-thick film
of 1a spun cast onto a c-Si substrate using a 1% (wt/wt)
solution of the sugar-polyolefin conjugate in a 1:1 n-butanol/
hexanes solvent mixture (v/v) and a photoresist spin caster set
at 2000 rpm under ambient conditions. Similar studies were
also performed for 15-nm and 150-nm thick films for which
solvent concentration was varied to establish different film
thicknesses.[12] To begin, as schematically presented in Fig-
ure 4a, a temperature ramp performed between 35 8C to
250 8C at a rate of 1 8Cmin�1 revealed the same sequence of
four thermotropic phases of 1a through well-defined order-
order transitions occurring approximately within the same
temperature ranges as observed in bulk samples. The
Supporting Information provides further details of represen-

tative GISAXS data obtained for each phase and the kinetics
for each order-to-order phase transition of 1a (see Figur-
es S18–S20). An added structural feature obtained from the
successful indexing of these GISAXS data is orientation of
the respective unit cell and extended lattice of the nano-
structure relative to the substrate. More specifically, for all
three film-thicknesses, an isotropically oriented L phase was
first observed to emerge, followed by theHPL phase in which
the alternating ABCA layers are oriented parallel to the
substrate surface. With respect to theDG phase, the GISAXS
data and structure results shown in Figure 4b and c for the 65-
nm-thick sample reveal a unit cell length that is identical to
that of the bulk, and a lattice orientation in which the (211)
Miller planes are parallel to the substrate.[12] Finally, the C
phase that appears upon heating the DG films to higher
temperature consists of cylindrical domains that are also
aligned parallel to the surface.

Some additional studies were conducted and important
points can be made regarding the structures and stabilities of
the different thermotropic phases observed for ultrathin films
of 1a.[12] To begin, pure sub-100-nm- thick HPL and DG
phases that are highly ordered, surface-oriented, and exhibit-
ing large grain size can be separately obtained by simply
annealing the substrates in vacuo at the appropriate temper-
ature for an adequate period. In this respect, the relative rates
observed for the different order-order phase transitions are all

Figure 4. Synchrotron 2D GISAXS data for a 65-nm-thick ultrathin film
of the DG phase of 1a supported on a carbon-coated silicon substrate.
a) Observed phases as a function of temperature obtained starting at
35 8C and a temperature ramp of 1 8Cmin�1. b) Indexed 2D GISAXS
data for DG phase recorded at 150 8C with green and yellow circles
indicating predicted locations of scattering Bragg peaks originating
from the direct and reflected x-ray beam, respectively. c) Unit cell and
lattice parameters for the DG phase derived from the GISAXS data of
(b). d) Structural representation of an ultrathin film of the DG phase
of 1a with the (211) Miller plane oriented parallel to the surface of the
substrate.
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qualitatively slower than the corresponding transformations
associated with a bulk sample. It further appears that these
rates decrease with decreasing film thickness, suggesting that
a nucleation and growth mechanism is operative. Most
surprisingly, however, the unique long-term stability displayed
by the DG phase of 1a under ambient temperature can be
extended to ultrathin films as thin as 15 nm! As Figure 5
presents, this value of l is now less than three times d211, and
accordingly, it is formally incommensurate with both an
integer value of stacked (211) planes, as well as, the height,
hDG, that is required to accommodate one full unit cell of the
DG nanostructure that is oriented relative to the substrate as
shown. On the one hand, it is possible that this incommen-
surable difference between the value of l and the DG lattice
and unit cell parameters is accommodated through an integer-
quantized inhomogeneity of film thickness of sample material
across the substrate.[9] On the other hand, unequivocal
documentation of an incommensurate nanostructure raises
a number of interesting scientific questions and technological
applications regarding a new category of two-dimensional
Schoen TPMS nanostructures.

As a final consideration, we explored the question of how
unique the results obtained for 1might be with respect to: (1)
the nature of the disaccharide head group, (2) the molar mass
of the aPP tail, (3) potential secondary hydrogen-bonding
interactions involving the triazole linker, and (4) the surface
energy of the c-Si substrate used to support ultrathin films.
Accordingly, Figure 6 provides a summary of VT GISAXS
results obtained from an additional extensive series of
experiments with the disaccharide-aPP derivatives 1–5 of
Scheme 1 that serve to shed important additional light on the
importance of these parameters.[12] The Supporting Informa-
tion has representative GISAXS data for each of the phases
shown as a function of temperature, film thickness and
substrate. To begin, three new derivatives of 1 were prepared
in which the number-average degree of polymerization and
polydispersity,DPn of the aPP domain were determined to be
13 (1b), 31 (1c), and 62 (1d) as approximates for target molar
mass of 500 Da, 1000 Da and 2500 Da, respectively. Film-

thickness dependences of the phase behaviour of 1b–1d were
then determined by synchrotron VT GISAXS for film
thicknesses of l= 15 nm, 65 nm and 150 nm. Figure 6a
provides the results for the samples with l= 65 nm while the
complete set of data is provided in the SI. Significantly, as can
be seen, these studies revealed that the window for appear-
ance of the DG phase decreases as the chain length and
occupied volume of the aPP domain increases in going from
1b to 1c to 1d. On the other hand, it is very interesting to note
that the window for appearance of a stable HPL phase also
increases in the same order, such that ultrathin films of this
unique phase can now be easily obtained with 1d at all values
of l. Next, the phase behaviour of ultrathin films of 1a for l=
65 nm was determined for two additional surfaces, which
include the hydrophilic native SiO2 layer of Si and the
“neutral” surface of Au. Figure 6b presents a summary of the
VT GISAXS data for this study which shows that all three
surfaces were competent for supporting formation of stable
HPL and DG nanostructures, with the windows for appear-

Figure 5. Representation of an ultrathin film of the DG phase of 1a
with l=15 nm, 3�d211=15.9 nm, and hDG=21.8 nm as viewed along
the (111) direction and with the (211) planes oriented parallel to the
surface of the substrate. The sugar domain is shown in aqua while the
white regions correlate with the polyolefin domain. A unit cell of the
DG phase with the proper spatial orientation relative to the substrate,
and translated arbitrarily along the surface normal for the sake of
clarity, is shown in light yellow.

Figure 6. Phase behavior of ultrathin films of sugar-polyolefin conju-
gates as revealed by synchrotron VT GISAXS for a) 1 as a function of
aPP chain length, b) 1a as a function of substrate, c) as a function of
disaccharide head group and aPP chain length for 2–4 and d) as
a function of linker for 5.
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ance of these phases being only slightly dependent on the
nature of substrate surface energy. Furthermore, in a different
set of experiments, the disaccharide head group in the sugar-
polyolefin conjugate was varied to include lactose (2),
maltose (3) and melibiose (4) and for two different DPn

values of the aPP domain for the first two, which are 15
(series a) and 37 (series b). As Figure 6c establishes for 2a, 3a
and 4, only the melibiose derivative, which has an a-1,6
linkage between the galactose and glucose units that enforces
a very unique disaccharide conformation vis-�-vis those of the
cellobiose, lactose and maltose head groups of 1–3, respec-
tively, failed to provide either HPL or DG phases, and only
a lamellar phase was observed at the three different film
thicknesses investigated.[12] This result strongly suggests that
differences in disaccharide head group packing and secondary
hydrogen-bond interactions do play critical roles in dictating
phase morphology. Additional VT SAXS data for 2b and 3b
show that neither of these derivatives support the occurrence
of aDG, and accordingly, a fine balance between the structure
of the disaccharide head group and chain length of the aPP
domain must be established when considering the design of
other sugar-polyolefin conjugates. Finally, Figure 6d presents
another rather surprising result from SAXS and VT GISAXS
data which shows that the thermotropic phase behaviour of
the ether-linked disaccharide derivative 5 (see Scheme 1) with
DPn= 15 is very similar to that of 1a, including observation of
a stable DG phase once again at the two-dimensional limit
where l= 15 nm. Efforts are now in progress that can
potentially shed further light on the structure and stability
of SchoenDG nanostructures at this two-dimensional limit, as
well as an exploration of potential applications.
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