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Nanoscale three-dimensional (3D) network morphologies, such as those represented by gyroids accessed by the self- 

assembly of block copolymers, are highly attractive platforms for the fabrication of nanostructured materials. However, 

it remains challenging to access such morphologies, especially in the sub-10 nm domain spacing region. Herein, we 

systematically investigated the microphase separation behaviors of biobased sugar–terpenoid hybrid block co-oligomers 

(BCOs) with different molecular parameters, including their volume fractions, the linker structures between the blocks, 

and the stereochemistries of the terpenoid blocks. The BCOs were synthesized using the azido–alkyne click reaction 

of propargyl- β-d-glucopyranoside with azido-functionalized farnesol, phytol, DL- α-tocopherol, and d- α-tocopherol, to 

ensure a well-defined molecular structure without any molecular weight distribution. Through X-ray scattering screening, 

we found that tocopherols, when combined with a glucose unit, yield BCOs capable of forming gyroid and hexagonally 

perforated lamellar (HPL) 3D network morphologies with ultrasmall domain spacings of ∼10 nm. Remarkably, HPL, 

which is known as a metastable phase in block copolymers, was obtained in both the bulk and film states. The nature of 

the linker structure and the stereochemistry of the tocopherol hydrocarbon chain were found to influence the resulting 

morphology and the long-range order of the nanostructures. We expect this study to contribute to the molecular design 

of precise block copolymers and the construction of intricate nanostructural templates with ultrasmall feature sizes. 
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lock copolymers (BCPs), which consist of two chemically 
ifferent block chains connected by a covalent bond, self-assemble 
o form microphase-separated structures with a nanoscale 
eriodicity due to immiscible nature of the two blocks [1–4] .
ccording to the theoretical phase diagram based on the self-
onsistent field theory, a specific desired morphology can be 
ealized by adjusting the volume fraction ( f ) and the segregation
trength between the constituent blocks given by the product of
he Flory–Huggins parameter ( χ) and the degree of polymerization
 N ), i.e., χN . Typical morphologies include lamellae (LAM),
exagonally packed cylinders (HEX), and body-centered cubic 

BCC) spheres, and the periodicities of these structures (i.e., 
heir domain spacings, d ) are known to range from a few
o hundreds of nanometers, depending on the value of N .
hese nanostructures created by BCP are promising materials for 
se in various nanofabrication applications. For example, LAM 

tructures vertically aligned to semiconductor substrates can be 
pplied as lithographic masks to fabricate integrated circuits with 

ine-and-space patterns [5–8] . Additionally, vertically aligned HEX 

tructures can be applied as templates for fabricating holes and
illars on a substrate through etching or infiltration processes 
 9 , 10 ]. 

Among the microphase-separated structures that can 

e obtained from BCPs, three-dimensional (3D) network 
orphologies, represented by the bicontinuous double gyroid 

GYR) [11–15] , bicontinuous double diamond (OBDD) [16–20] , 
exagonally perforated lamellae (HPL) [ 14–16 , 21–25 ], or the
ddd structure [26–29] , are particularly attractive in the context of
anofabrication applications. For example, the unique topological 
tructure of the GYR renders it suitable for various use in catalysis
 30 , 31 ], filtration membranes [ 32 , 33 ], drug carriers [34–36] ,
hotovoltaics [28] , photonic crystals [ 37 , 38 ], and Weyl materials
39] . More specifically, GYR-, OBDD-, and Fddd -forming BCPs
ontaining a selectively degradable block can be utilized to create
 nanoporous polymer with a continuous nanochannel, which 

an be further applied as a template for fabricating nanoporous
norganic materials [ 28 , 40–43 ]. On the other hand, HPL-forming
CP thin films can be utilized as ring-shaped nanotemplates on
 substrate, as demonstrated in the fabrication of phase-change 
emory devices [ 25 , 44 ]. 
Despite the promising potential of 3D network morphologies 

n various application fields, the construction of such 

orphologies is challenging because of their relatively narrow 

hase window [45] . In addition, the majority of these network
orphologies are considered to be metastable and are therefore 

arely observed [ 24 , 45 , 46 ]. Thus, in addition to thorough
ptimization of the annealing conditions, delicate control of the f
nd χN values is required to design BCPs that produce the desired
orphologies. 
An equally difficult challenge in obtaining such a 3D network

orphology is the reduction in d to < 10 nm. More specifically,
he construction of structures with ultrafine d values is essential
or achieving high-performance devices that require large specific 
urface areas. Since the d values of microphase-separated structures 
re scaled by N2/3 χ1/6 in the strong segregation regime, lowering 
 is an efficient means to reduce d . Nevertheless, microphase
 

eparation occurs only when χN exceeds a critical value (e.g., 10.5
or symmetric BCPs), and so the use of high χ and low N BCP
ystems that combine two low-molecular-weight segments with a 
arge incompatibility is necessary to realize microphase separation 

ith ultrafine d values. Indeed, a number of combinations of 
ifferent polymers have been reported to realize the concept of 
igh χ–low N BCPs. For example, a BCP comprising polystyrene 
nd poly(4-vinylpyridine)propane-1-sulfonate with a molecular 
eight of 3.1 kg mol−1 yielded the LAM structure with a d
alue of 5.7 nm [47] , and a BCP consisting of polystyrene and
olydimethylsiloxane with a molecular weight of 16 kg mol−1 

enerated the HEX structure with a d value of 8 nm [48] . Although
 wide variety of high χ–low N BCPs have been reported in the
ast few years, the majority of resulting morphologies have been 

imited to the conventional LAM and HEX structures, and only a
andful of examples related to the GYR and HPL structures have
een demonstrated [ 47 , 49–53 ]. It would therefore be interesting to
stablish a novel molecular design principle for BCPs to produce 
 range of 3D network structures with sub-10 nm dimensions. 

Saccharide-based high χ–low N BCP systems have been shown 

o be promising platforms for constructing ultrasmall 3D network 
orphologies. Previously, our group reported a combination 

f hydrophilic oligosaccharides and hydrophobic polymers to 

chieve strong segregation, which enabled the realization of 
icrophase-separated structures with d values as small as ∼5 nm. 
ore importantly, our group demonstrated access to the GYR 

tructure with a cubic lattice parameter as small as 12.6 nm
 d211 = 5.2 nm). This was achieved using low-molecular-weight 
iscrete block co-oligomers (BCOs) combined with hydrophilic 
ligosaccharides and hydrophobic terpenoid segments [54] . In 

nother study, using several types of saccharide- b -polypropylene, 
ita et al. obtained HPL structures with long axis periodicities (i.e.,
15 nm) and GYR structures with cubic lattice parameters of 12–
4 nm [51] . Moreover, some amphiphilic molecules consisting 
f sugar headgroup and alkyl chains, known as glycolipid, have 
een reported to exhibit thermotropic bicontinuous cubic liquid 

rystalline structures [ 55 , 56 ]. In addition, by optimizing the
olecular topology of the oligosaccharide–terpenoid BCOs, HPL 

nd Fddd structures were achieved in the bulk state [57] . These
arlier works suggest that saccharide-based low-molecular-weight 
CPs (or BCOs) should be optimal starting points for exploring 
he molecular design principle aimed at producing various 3D 

etwork structures with ultrasmall periodicities. 
Thus, we herein report the microphase separation behavior 

f discrete linear BCOs consisting of glucose as the hydrophilic 
accharide segment and short terpenoids as the hydrophobic 
egment, to determine the essential molecular parameters for 
reating ultrasmall network morphologies. For this purpose, 
arnesol (Far), phytol (Phy), DL- α-tocopherol (DLToc), and d- 
-tocopherol (DToc) are selected as the terpenoid blocks for 
ombination with glucose to produce a series of discrete 
COs, namely Glc–hex-Far, Glc–hex-Phy, Glc–hex-DLToc, Glc–
ex-DToc, Glc-bz-DLToc, and Glc-bz-DToc ( Scheme 1 ). These 

erpenoids consist of three or four isoprene units and possess 
ifferent molecular shapes; thus, precise control of the BCO 

olume fraction can be achieved. Here, two sets of BCOs with
ifferent types of bridging linkers between the blocks (i.e., 
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Scheme 1 

Synthesis of the sugar–terpenoid BCOs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hexanoate or benzoate linkers bearing pentylene or phenylene
moieties) are synthesized to investigate the effect of the linker
structure on the microphase separation behavior. Importantly,
the sugar volume fraction ( fsugar ) is fixed at ∼0.3 to ensure the
formation of a network morphology. Morphological screening of
the bulk state BCOs is then carried out using small-angle X-ray
scattering (SAXS) to identify the GYR and HPL structures. Finally,
the ability of these BCOs to form stable HPL morphologies in the
thin film state is evaluated. 

Results and discussion 

Initially, the microphase separation behaviors of Glc–hex-Far, Glc–
hex-Phy, and Glc–hex-DLToc were investigated in the bulk state
to determine a suitable hydrophobic block for constructing 3D
network morphologies. Although the synthesis of Glc–hex-Far
and Glc–hex-DLToc has been presented in our previous work
[54] details regarding their microphase separation behaviors,
such as their temperature-dependent morphological changes
and order–disorder transitions, have been largely unexplored.
Notably, our previous study demonstrated the formation of
LAM and GYR structures from Glc–hex-Far and Glc–hex-
DLToc, respectively. Thus, in the present study, Glc–hex-Phy-
was additionally prepared, which showed a sugar volume
fraction in between Glc–hex-Far and Glc–hex-DLToc, and it was
expected to provide further details into the phase window. More
specifically, Glc–hex-Phy-was synthesized as outlined in Scheme 1 .
Initially, an azido-functionalized phytol bearing a hexanoate
linker (N3 –hex-Phy) was prepared via a condensation reaction
between phytol and 6-azidohexanoic acid, and subsequently,
this phytol was subjected to a copper-catalyzed azido–alkyne
click reaction with propargyl- β-d-glucopyranoside (Glc-C≡CH)
to yield Glc–hex-Phy. The success of the click reaction was
confirmed by proton nuclear magnetic resonance (1 H NMR)
spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy,
size-exclusion chromatography (SEC), and electrospray ionization
mass spectrometry (ESI-MS), as detailed in the Supplementary
Material. As a result, the fsugar was calculated to be 0.24 based
on Vsugar segment /(Vsugar segment + Vterpenoid segment ), where Vsugar and
Vterpenoid represent the sugar and terpenoid segment volumes
calculated based on known density values. These values are listed
in Table 1 together with those of the other BCOs examined herein.

To identify the microphase-separated structures in the
bulk state, synchrotron small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) measurements were
performed on the as-synthesized and thermally annealed BCOs. In
addition, grazing-incidence small-angle X-ray scattering (GISAXS)
measurements were conducted to investigate nanostructure
formation in the thin film state. Thin film (film thickness:
∼40 nm) samples were prepared by spin-coating a 1 wt% polymer
solution in tetrahydrofuran (THF) onto a cleaned silicon wafer at
3000 rpm for 1 min. The bulk and thin film samples were annealed
at temperatures above the glass transition temperature of the
glucose block ( Tg,sugar ) and below the 5 % weight loss temperature
( Td ) for 6 h under vacuum conditions (see Table 1 and Figures
S13,14 in the Supplementary Material for the determination of
Tg,sugar , and Td ). 

Among the various BCOs, Glc–hex-Far and Glc–hex-Phy-were
found to exhibit only the LAM morphology in the bulk state, as
judged from their SAXS profiles. As shown in Figs. 1a and 2a ,
Glc–hex-Far and Glc–hex-Phy-exhibited sharp scattering peaks in
their SAXS profiles, indicating the formation of highly ordered
nanostructures. No obvious scattering peaks were observed in the
3 
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Table 1 

Molecular characteristics and thermal properties of the BCOs. 

BCO M.W. Mn,SEC 
a fsugar 

b fter 
b Tg,sugar 

c ( °C) Td 
d ( °C) 

Glc–hex-Far 580 1500 0.29 0.71 24.0 215.6 
Glc–hex-Phy 654 1700 0.24 0.76 26.0 247.8 
Glc–hex-DLToc 788 1800 0.21 0.79 39.4 305.4 
Glc–hex-DToc 788 1900 0.21 0.79 39.9 310.8 
Glc-bz-DLToc 793 1900 0.21 0.79 31.5 272.8 
Glc-bz-DToc 793 2000 0.21 0.79 38.0 310.5 
a Number-average molecular weight determined by SEC in DMF (containing 0.01 M LiCl) with polystyrene calibration. 
b Sugar and terpenoid volume fractions ( fsugar and fter , respectively) calculated based on the known density values of glucose (1.36 g cm−3 ), 

farnesol (0.887 g cm−3 ), phytol (0.850 g cm−3 ), and tocopherol (0.950 g cm−3 ). 
c Determined by DSC. 
d 5 % Weight loss temperature ( Td ) determined using TGA. 

Fig. 1 

(a) SAXS and (b) WAXS profiles of the as-synthesized and thermally annealed Glc–hex-Far. 
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AXS profiles of Glc–hex-Far and Glc–hex-Phy, either with or 
ithout annealing, thereby confirming their amorphous natures 

 Figs. 1b and 2b ). In terms of the thermal analysis results obtained
y differential scanning calorimetry (DSC) for Glc–hex-Far and 

lc–hex-Phy, heat capacity jumps were observed corresponding 
o the glass transition of the sugar blocks at Tg,sugar (24–26 °C).
owever, no first-order transitions, such as crystallization, were 
bserved ( Figures S13a,13b ), thereby supporting the WAXS 
esults. As evidenced by the sharp primary peak ( q∗) and an
dditional secondary peak at the 2 q∗ position ( Figs. 1a and 2a ),
lc–hex-Far and Glc–hex-Phy-formed LAM morphologies without 

hermal annealing. In the case of Glc–hex-Far, the primary 
eak became slightly broader upon elevating the annealing 
emperature, and disorder was observed upon annealing at 
60 °C. These analyses suggest that the order–disorder transition 

emperature ( TODT ) is located between 130 and 160 °C. In contrast,
lc–hex-Phy-exhibited sharp scattering peaks associated with the 
AM morphology even after annealing at 160 °C. Structurally, 
he only difference between Glc–hex-Far and Glc–hex-Phy-is the 
umber of isoprene units in the terpenoid block; phytol consists
f four isoprene units, whereas farnesol is composed of three
soprene units. It was therefore clear that an increase in the degree
f polymerization by one repeating unit significantly affects the 
 

hermodynamic stability of the microphase-separated structure. 
t was deduced that the domain spacing ( d = 2 π/ q∗) for the 80 °C-
nnealed Glc–hex-Far was 4.2 nm, which is the smallest value 
eported to date among sugar-based AB linear BCOs ( Fig. 1a ) [54] ;
he d value for 80 °C-annealed Glc–hex-Phy-was slightly larger, 
.e., 5.1 nm ( Fig. 2a ). Notably, control over the d value to a
recision of 1 nm was achieved by simply increasing the number
f isoprene units in the terpenoid segment. 

The thin films generated from Glc–hex-Far and Glc–hex-Phy- 
lso exhibited LAM morphologies, as evidenced by the GISAXS 
esults. In addition, it was found that the two-dimensional (2D) 
cattering pattern of the as-cast Glc–hex-Far film exhibited a 
iffraction spot derived from the (100) diffraction of the LAM 

tructure parallel to the Si substrate ( Fig. 3a ). To determine the
tructure in greater detail, the one-dimensional (1D) out-of-plane 
cattering profile was extracted from the 2D scattering image 
t 2 θ f = 0.08 ° ( Fig. 3b ). Subsequently, the d value of the LAM
tructure was calculated to be 4.4 nm using Bragg’s equation 

 d = λ/(2sin( αf /2))) based on the peak observed at αf = 1.62 ° in
he out-of-plane scattering profile. As with the d value in the bulk
tate, this d value was also the smallest reported to date for sugar-
ased linear AB-BCPs. Furthermore, it was found that the as-cast 
lc–hex-Phy-thin film also exhibited a LAM structure parallel to 
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Fig. 2 

(a) SAXS and (b) WAXS profiles of the as-synthesized and thermally annealed Glc–hex-Phy. 

Fig. 3 

(a) Representative GISAXS 2D scattering image of the as-cast nanoscale Glc–hex-Far film (40–50 nm thick) with an incidence angle ( αi ) = 0.09676 °, a sample to 
detector distance (SDD) = 2947.16 mm, and an X-ray wavelength ( λ) = 1.23 Å. (b) 1D out-of-plane scattering profile along the meridian line at 2 θ f = 0.08 °, as 
derived from (a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the substrate, as evidenced by the diffraction peak observed in
the out-of-plane direction ( Fig. 4a ). The out-of-plane scattering
profile was extracted at 2 θ f = 0.28 °, and a d value of 4.9 nm was
calculated using the scattering peak at αf = 1.75 ° ( Fig. 4b ). The
above results collectively indicate that farnesol and phytol are
the optimal candidates for building blocks to realize ultrasmall
d values. However, these BCOs are not suitable for combination
with glucose to construct network morphologies. 

Subsequently, the combination of glucose and tocopherol
was considered to assess the suitability of this BCO for
generating a 3D network morphology. Previously, our group
determined the potential of Glc–hex-DLToc to form a GYR
structure under certain annealing conditions [54] . In the current
study, the microphase-separated structure of bulk Glc–hex-
DLToc samples was re-investigated under different annealing
conditions. The SAXS profile of the as-synthesized Glc–hex-
DLToc sample exhibited scattering peaks at q = 0.91, 1.16,
1.44, 1.83, and 3.47 nm−1 , which were indexed to the (101),
(003), (110), (113), and (009) crystallographic planes of the
ABCABC -stacked HPL (HPLABC ) structure with the R3̄ m space
group ( Fig. 5a and f). The lattice parameters were calculated to be
a = 1/(3(1/ d101 

2 − 1/ c2 )/4)1/2 = 8.8 nm and c = 3( d003 ) = 16.2 nm,
where a and c /3 correspond to the interperforation distance
and the lamellar stacking periodicity, respectively. Upon thermal
annealing at 80 °C, the scattering peaks became significantly
sharper, and the peaks at q = 1.05, 1.17, 1.24, 1.67, 2.02, 2.33,
and 3.50 nm−1 were assigned to the (101), (003), (102), (110),
(113), (006), and (009) reflection planes of the HPLABC structure
with a = 7.4 nm and c = 16.1 nm. A further increase in the
annealing temperature resulted in an order–order transition from
the HPLABC to the GYR structure. The scattering peaks observed in
the Glc–hex-DLToc samples annealed at 130 and 160 °C appeared
at q / q∗ = √ 

6,
√ 

8,
√ 

16,
√ 

20,
√ 

22, and
√ 

24, and were assignable
to the (211), (220), (321), (400), (420), and (332) reflection planes
of GYR, respectively. The lattice constant aGYR = 12.1 nm was
calculated as follows: a = 2 π( h2 + k2 + l2 )1/2 / qhkl . 

Notably, Glc–hex-DLToc was found to form a network
morphology, while Glc–hex-Phy-formed only the LAM
5 
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Fig. 4 

(a) Representative GISAXS 2D scattering image of the as-cast nanoscale Glc–hex-Phy-film (40–50 nm thick) with αi = 0.1512 °; SDD = 2038.91 mm, and λ = 1.50 Å. 
(b) 1D out-of-plane scattering profile along the meridian line at 2 θ f = 0.28 °, as derived from (a). 
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orphology, despite both BCOs possessing a terpenoid block 
onsisting of four isoprene units. This implies that the molecular
hape of the BCO plays a significant role in determining the
esulting structure. Similar to the case of micelle-forming 
urfactants, it is proposed that the packing parameter that 
haracterizes the geometry of the BCO molecule governs the 
nterfacial curvature of the microphase-separated morphology. 
he packing parameter ( P ) of a sugar-based BCO is given by
 = v/alc , where v is the hydrocarbon volume of the hydrophobic
lock, a is the effective projection area of the Glc block, and lc 
epresents the length of the hydrophobic block [58] . It is known
hat an amphiphilic molecule with a large P value adopts a
one-shaped geometry and tends to form a microphase-separated 

tructure with a larger interfacial curvature, and vice versa. 
omparison of the chemical structures of the DLToc and Phy-
locks shows that DLToc contains an additional phenylene 
ing and a cyclic ether moiety, which effectively increases the
ydrocarbon volume of DLToc relative to that of Phy. As a result,
lc–hex-DLToc exhibits a larger packing parameter than Glc–
ex-Phy, ultimately favoring the formation of an HPL phase with
 larger interfacial curvature than the LAM phase. Thus, Glc–
ex-DLToc is a suitable candidate for the formation of ultrasmall
etwork morphologies. 

Here, it would be interesting to compare the self-assembly 
ehaviors of the BCOs with chemically similar synthetic 
lycolipids. Fig. 6 summarizes the phase behaviors of our BCOs,
hich consist of a glucose unit and terpenoid chain with varied

ength, together with typical synthetic glycolipids, which consist 
f a glucose unit ( β-anomer) and linear C12, C16, and C18
lkyl chain. There have been many studies on the lyotropic
iquid crystalline behaviors of glycolipids [59–61] . However, 
esearch into thermotropic liquid crystalline behaviors has only 
een pursed relatively recently [ 55 , 62 , 63 ]. Glycolipids typically
rystallize at low temperatures. However, above the melting 
emperature ( Tm 

) of the alkyl chain and below the clearing
emperature ( Tc ) where hydrogen bonds in the sugar moiety
re broken, the glycolipids adopt periodic nanostructures in the 
iquid crystalline state. The strong interaction between the glucose 
nits through the hydrogen bonding is the dominant factor 
 

or the self-assembly, resulting in the liquid crystal formation. 
n contrast, our BCOs show the fsugar of 0.3 or lower, and
hus the interaction between the glucose units should have a 
elatively minor impact on the self-assembly compared to the 
ase of the glycolipids. Therefore, the BCOs are more likely self-
ssembled into the periodic nanostructures through microphase 
eparation driven by the immiscibility between the glucose 
nit and hydrocarbon chain. Another indication that our BCOs 
xhibit microphase separation behavior is their volume-fraction- 
ependent phase behavior reminiscent of conventional BCP. 
owever, as pointed out by Meijer, BCP-like small molecules 

an exhibit both liquid crystalline and microphase separation 

ehaviors depending on the delicate balance between directional 
nteraction and immiscibility [64] . Our BCOs may also serve as a
ridge between these liquid crystalline and BCP behaviors. This 
spect is an interesting topic for further investigation. 

These promising results inspired the subsequent combination 

f tocopherol and glucose to construct an ultrafine network 
orphology. It should be noted here that the Glc–hex-DLToc 

pecies discussed thus far is derived from the synthetic DL- α-
ocopherol, and so the stereochemistry of the three stereocenters 
n the hydrocarbon chain is classed as all-racemic. To gain insight
nto the impact of the chirality of the terpenoid segment on
etwork formation, an optically pure version of Glc–hex-DLToc 
as prepared (i.e., Glc–hex-DToc) using natural d- α-tocopherol 
ith an all-( R ) configuration ( Scheme 1 ). Similar to its racemic

ounterpart, the WAXS results for Glc–hex-DToc revealed its 
ompletely amorphous nature ( Fig. 5b and d). To evaluate the
ulk state morphology, SAXS measurements were carried out 
n the as-synthesized sample and on the specimens annealed 

t 80, 130, and 160 °C ( Fig. 5c ). The morphology and unit
ell parameters under each annealing condition were found to 

e the same as those obtained for Glc–hex-DLToc, implying 
hat the chirality of the tocopherol segment has little to no
mpact on the bulk state self-assembly, and that the microphase- 
eparated morphology seems to be mainly determined by the 
olar–nonpolar repulsion between the Glc and tocopherol blocks. 
owever, the sharpness of the scattering peaks, which is related 

o the grain size of the ordered structure, was apparently different
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Fig. 5 

(a, c) SAXS and (b, d) WAXS profiles of the as-synthesized and thermally annealed Glc–hex-DLToc and Glc–hex-DToc specimens. Also shown are schematic 
illustrations of the (e) GYR and (f ) HPLABC structures. 

7 
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Fig. 6 

Phase diagram of Glc–hex-Sol (the “Sol”represents solanesol as the terpenoid block) [54] , Glc–hex-DLToc, Glc–hex-Phy, Glc–hex-Far, and typical synthetic glycolipids 
[ 55 , 65–67 ]. The melting and clearing temperatures are indicated as Tm 

and Tc , respectively. The vertical axis for the BCOs indicates the annealing temperature. 
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etween the racemic and optically pure BCOs. Thus, to clarify
he subtle differences in the nanostructures of Glc–hex-DLToc and 

lc–hex-DToc, the primary scattering peaks of the SAXS profiles 
ecorded for the samples annealed at 130 °C were fitted using the
aussian function to calculate the full width at half maximum

FWHM) ( Figure S15 ). As a result, the FWHM values of Glc–
ex-DLToc and Glc–hex-DToc were found to be 0.04044 and 

.03525 nm−1 , respectively. According to the Scherrer equation 

 τ = K λ/ βcos θ , where τ is the grain size, K is the shape factor, λ
s the X-ray wavelength, β is the FWHM, and θ is the incidence
ngle), the FWHM is inversely proportional to the grain size, and
o it can be considered that the GYR structure of Glc–hex-DToc
ossesses a grain size that is 1.15 times larger than that of Glc–
ex-DLToc. Therefore, optically pure tocopherol has an advantage 
ver racemic tocopherol in forming a network morphology with 

 superior long-range order. 
GISAXS experiments were then conducted on thin films of 

lc–hex-DLToc and Glc–hex-DToc to investigate the possibility 
f constructing 3D network structures, and to further clarify the
ffect of the tocopherol chirality on self-assembly in the thin
lm state. As presented in Fig. 7a and b, the 2D GISAXS pattern
f the as-cast Glc–hex-DLToc thin film shows scattering spots 
orresponding to the (003), (009), (100), (110), (101), (102), and
108) planes of the HPLABC structure. The out-of-plane scattering 
rofile extracted from the meridian line at 2 θ f = 0.24 ° showed
wo scattering peaks at σ f = 1.58 ° and 4.79 °, corresponding to
he (003) and (009) diffractions of the lamellar stacking of HPLABC 

arallel to the Si substrate ( Fig. 7c ). Based on the position of the
003) peak, the d value was calculated to be 5.4 nm. This value
 

orrelates to one-third of the repeating length of the ABC lamellar
tacking; therefore, c was determined to be 16.2 nm. In addition,
he 1D in-plane scattering profile extracted from the equatorial 
ine at σ f = 0.18 ° showed peaks corresponding to the (100) 
nd (110) planes at 2 θ f = 1.10 and 1.92 °, respectively ( Fig. 7d ).
he positions of these two in-plane peaks led to an a value of
.0 nm, which represents the distance between the perforations 
n the HPLABC structure. Since the GISAXS 2D scattering image 
ecorded for the as-cast Glc–hex-DToc film showed scattering 
pots at similar positions to those associated with Glc–hex-DLToc 
 Fig. 8a ,c and d), it was considered that Glc–hex-DToc also formed
he HPLABC morphology in the thin film state, with a = 8.8 nm
nd c = 16.2 nm ( Fig. 8b ). However, the Glc–hex-DToc thin
lm exhibited stronger and sharper scattering spots. In addition, 
igher-order scattering spots, such as those corresponding to the 

104), (107), and (113) planes, were clearly observed ( Fig. 8a ).
hese results clearly show that the optically pure Glc–hex-DToc 

s arranged in a more ordered manner than the racemic Glc–
ex-DLToc, even in the thin film state. The HPLABC structures 

ormed by Glc–hex-DLToc and Glc–hex-DToc in the thin film 

tate can be constructed by spin-coating and can be maintained 

t a high annealing temperature of up to 180 °C ( Figure S16 ).
eanwhile, the long-term stability of the HPLABC structures in the 

hin film state is also important for various applications. Thus, we
erformed GISAXS measurement at one-month intervals for the 
ame thin film samples stored at ambient condition. Comparing 
he GISAXS 2D scattering images, the HPLABC structures were 
ound to be maintained over the period of one month, supporting
he long-term stability ( Figures S16,17 ). Therefore, Glc–hex- 
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Fig. 7 

(a) Representative GISAXS 2D scattering image of the as-cast nanoscale Glc–hex-DLToc film (40–50 nm thick) with αi = 0.1803 °, SDD = 1024.29 mm, and λ = 1.50 Å. 
(b) Schematic illustrations showing the HPLABC structure. (c) 1D out-of-plane scattering profile along the meridian line at 2 θ f = 0.24 °, as determined from (a). (d) 
1D in-plane scattering profile along the equatorial line at αf = 0.18 °, as determined from (a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DLToc and Glc–hex-DToc can be considered good candidates for
fabricating templates with ultrasmall 3D structures in their thin
films. 

Subsequently, to further modulate the self-assembly behavior
of the glucose–tocopherol BCO, the impact of the chemical
nature of the glucose–tocopherol junction was investigated.
For this purpose, 6-azidohexanoic acid was replaced with 4-
azidobenzoic acid as a linker to impart the BCO with a more
rigid chemical junction between the constituent blocks. In this
case, 4-azidobenzoic acid was reacted with DL- α-tocopherol and
d- α-tocopherol to produce azido-functionalized precursors, which
were then subjected to a click reaction with Glc-C≡CH to produce
Glc-bz-DLToc and Glc-bz-DToc, respectively ( Scheme 1 ). 

No obvious scattering peaks were observed in the WAXS
profiles of Glc-bz-DLToc, regardless of the annealing conditions
employed, thereby confirming its amorphous nature ( Fig. 9b ).
In contrast, scattering peaks attributed to various microphase-
separated structures were detected in the SAXS profiles ( Fig. 9a ).
Interestingly, although both Glc–hex-DLToc and Glc–hex-DToc
formed HPLABC only at lower temperatures (i.e., in the as-cast
sample and the sample annealed at 80 °C) and exhibited GYR
structures at higher temperatures (i.e., after annealing at 130
and 160 °C), the HPLABC structure was observed in Glc-bz-DLToc
even at elevated temperatures (as-synthesized: a = 10.6 and
c = 20.8 nm; annealed at 80 °C: a = 10.2 and c = 17.2 nm; annealed
at 130 °C: a = 10.8 and c = 17.9 nm). Furthermore, Glc-bz-DLToc
exhibited a hexagonally close-packed cylinders (HEX) structure
even after annealing at higher temperatures (annealed at 180 °C:
cylinder-to-cylinder distance ( dc–c ) = 7.5 nm; annealed at 210 °C:
dc–c = 7.2 nm). These results clearly demonstrate the significant
impact of the linker structure on microphase separation. More
specifically, the effect of the linker structure was clearly manifested
by the different morphologies of the samples annealed at 130 °C,
wherein Glc–hex-DLToc formed a GYR structure, and Glc-bz-
DLToc formed an HPL structure. This result implies that the
replacement of hexanoate with a benzoate linker reduced the
packing parameter of the BCO, thereby enhancing the stability of
the lower-curvature HPL phase relative to that of the GYR phase. 

It should be noted here that the hexanoate and benzoate
linkers consist of an aliphatic pentyl group and an aromatic
phenylene ring, respectively. For the first-order approximation,
the contribution of these two groups to the hydrocarbon volume
9 
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Fig. 8 

(a) Representative GISAXS 2D scattering image of the as-cast nanoscale Glc–hex-DToc film (40–50 nm thick) with αi = 0.1562 °, SDD = 1024.29 mm, and λ = 1.50 Å. 
(b) Schematic illustrations showing the HPLABC structure. (c) 1D out-of-plane scattering profile along the meridian line at 2 θ f = 0.38 °, as derived from (a). (d) 1D 

in-plane scattering profile along the equatorial line at αf = 0.16 °, as derived from (a). 
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f the hydrophobic block was estimated using the ratio of
heir mass to the corresponding mass density. Taking the values
f the mass density ρ as 0.626 g cm−3 for pentane and
.876 g cm−3 for benzene, the volumes of the pentylene and
henylene moieties were estimated to be 0.21 and 0.14 nm3 ,
espectively. Consequently, the replacement of hexanoate with 

enzoate in the linker reduced the hydrocarbon volume and 

he packing parameter of the hydrophobic block, such that the
hermodynamic stability of the HPL phase in Glc-bz-DLToc was 
nhanced over that of the GYR phase. 

Furthermore, the broad peak observed in the SAXS profiles 
f the as-synthesized Glc-bz-DToc sample and of the samples 
nnealed at 80 and 130 °C suggested the absence of a periodically
rdered structure ( Fig. 9c ). However, several diffraction peaks were
bserved in the WAXS profiles of the samples annealed below
30 °C, reflecting the crystallinity of the DToc block ( Fig. 9d ).
he results demonstrate that the crystallization of the DToc block
as a strong impact on the microphase-separated structure of the
CO. More specifically, at a lower temperature, the driving force
or crystallization could outweigh that of microphase separation, 
uch that the crystallization process perturbs or even disrupts the
0 
icrophase-separated morphology, leading to a rather disordered 

tructure. Upon annealing at a sufficiently high temperature 
hat exceeds the crystal melting point (i.e., 180 or 210 °C), the
riving force for the microphase separation of Glc-bz-DToc led to 

he formation of well-ordered GYR structures ( aGYR = 13.8 and 

3.7 nm for the samples annealed at 180 and 210 °C, respectively)
 Fig. 9c ). It is important to note that different morphologies were
bserved between Glc-bz-DLToc and Glc-bz-DToc at these two 

nnealing temperatures, wherein the racemic and chiral BCO 

isplayed HEX and GYR structures, respectively, demonstrating 
hat the chirality of tocopherol has a strong influence on the
elf-assembly behavior in Glc-bz-Toc. However, such a significant 
ffect was not observed for the Glc–hex-Toc specimen bearing 
 hexanoate linker. This implies that a rigid benzoate linker 
ay amplify the chirality of the tocopherol block. The detailed 

echanism underlying this interesting phenomenon, which 

ay be thermodynamic or kinetic in origin, is currently under 
nvestigation, and will be reported in due course. 

Finally, we investigated the thin film morphologies of Glc-bz- 
LToc and Glc-bz-DToc using GISAXS measurements. Although 

lc-bz-DLToc and Glc-bz-DToc formed different morphologies in 
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Fig. 9 

(a, c) SAXS and (b, d) WAXS profiles of the as-synthesized and thermally annealed Glc-bz-DLToc and Glc-bz-DToc specimens. Schematic illustrations for the (e) 
HPLABC , (f ) HEX, and (g) GYR structures are also provided. 

 

 

 

 

 

 

 

 

 

the bulk, both thin films showed a similar self-assembly behavior.
More specifically, the as-cast thin films formed horizontally
oriented LAM structures ( d = 5.4–6.2 nm), while the HPLABC 

( a = 9.0–13.3, c = 17.2–18.7 nm) and GYR morphologies
( aGYR = 13.9–14.7 nm) were observed upon the thermal annealing
at 130–180 °C for 6 h, respectively ( Figures S18,19 ). Notably,
the GYR structure was obtained from both Glc-bz-DLToc and
Glc-bz-DToc thin films even after thermal annealing at 210 °C
( Figs. 10a ,b), which differs from the results obtained for the
bulk sample. Indeed, these results demonstrated that the Glc-bz-
11 
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Fig. 10 

Representative GISAXS 2D scattering image of the nanoscale (a) Glc-bz-DLToc ( αi = 0.1062 °) and (b) Glc-bz-DToc ( αi = 0.1013 °) films (40–50 nm thick) annealed at 
210 °C, where SDD = 1024.29 mm and λ = 1.50 Å. (c, d) The 1D azimuthal scattering profiles at αf = 1.44 and 1.42 ° (black) and their Gaussian fit curves (red), as 
determined from (a) and (b), respectively. 
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LToc species annealed at 210 °C formed a HEX structure in the
ulk state. Interestingly, by comparing the GISAXS 2D scattering 
mages of the Glc-bz-DLToc and Glc-bz-DToc thin films annealed 

t 210 °C, it was revealed that the optically pure Glc-bz-DToc
ormed more orderly HPLABC and GYR structures than the Glc- 
z-DLToc specimen, as evidenced by the presence of higher-order 
cattering spots (e.g., (332), (420), and (400) peaks). Furthermore, 
D azimuthal scattering profiles, which were extracted from the 
ISAXS 2D scattering images of Glc-bz-DLToc and Glc-bz-DToc, 
ave αf values of 1.44 and 1.42 °, respectively. The peak intensity
nd sharpness of each Gaussian fit curve demonstrated that Glc-
z-DToc exhibited a highly ordered GYR structure ( Fig. 10c and d),
gain confirming the positive effects of the tocopherol chirality on
he arrangement of the nanostructure. 

onclusion 

ltrafine three-dimensional (3D) network morphologies (i.e., 
yroid (GYR) and ABC -stacked hexagonally perforated lamellae 
HPLABC )), were successfully prepared from biobased sugar–
erpenoid hybrid block co-oligomers (BCOs) consisting of glucose 
nd tocopherol. After carrying out small-angle X-ray scattering 
SAXS) measurements for a series of BCOs possessing different 
erpenoids, it became apparent that tocopherol is critical for 
nsuring the formation of a network morphology, while the other
erpenoids, namely farnesol and phytol, resulted in the generation 

f lamellar structures. These differences can be attributed to the
olecular shapes of the corresponding tocopherols, along with 
2 
he different volume fractions when combined with glucose. 
mportantly, the HPLABC and GYR structures were successfully 
btained from BCOs consisting of glucose and tocopherol, even 

n the thin film state. The HPLABC structure, which is otherwise 
nown as a metastable phase in block copolymers, was maintained 

ven after prolonged high-temperature annealing at 180 °C 

n the thin film state, thereby confirming the utility of this
ystem as a template for fabricating 3D network nanostructures. 
urthermore, it was found that the stereochemistry of the 
ocopherol hydrocarbon chain affects the microphase separation 

ehavior. Currently studies in our group are focusing on the 
hirality effects in more detail, and the results will be presented
n due course. Finally, the effects of the chemical structure of the
ridging linker between the constituent blocks were examined, 
nd it was deduced that a rigid benzoate linker amplified the
hirality effect of the hydrocarbon chain, leading to different 
orphologies. The insights obtained in this study are expected 

o greatly contribute to the molecular design of precise block 
opolymers and the construction of intricate nanostructural 
emplates with ultrasmall feature sizes. 
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