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Abstract

Block copolymers (BCPs) with a high Flory—Huggins interaction parameter (y) are promising
alternatives to conventional nanopatterning materials for future nanolithography and
nanotechnology applications. Herein, we described AB- and ABA-type BCPs comprising
oligosaccharides (maltoheptaose, maltotriose, and maltose as the A block) and poly(propylene
oxide) (PPO, as the B block) as new high-y BCP systems, which can be termed “Sweet
Pluronics”. The BCPs were successfully synthesized by click reaction between azido-
functionalized PPO and propargyl-functionalized maltooligosaccharides. These BCPs undergo
microphase separation in bulk state to provide various nanopatterns, i.e., sub-4 nm nanofeatures
(cylinders, lamellae, and spheres) with domain spacing as low as 6.2 nm, depending on their
composition and the applied annealing conditions. The thin film of these BCPs fabricated on a
silicon substrate also showed various microphase-separated structures. When the BCP thin
films were subjected to high-temperature solvent vapor annealing using a i-wave oven as the
heating source, their morphologies changed from parallel lamellar to cylindrical because of the
preferential swelling of PPO. Overall, these results confirmed that the present “Sweet Pluronics”

system is promising high-y materials for sub-4 nm nanopatterning applications.
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Introduction

Due to their ability to undergo microphase separation into various nanofeatures including
lamellae, hexagonally packed cylinders, double gyroids, and body-centered cubic (BCC)
spheres, AB- and ABA-type block copolymers (BCPs) have attracted significant attention in
the semiconductor and nanofabrication industries. These ordered structures have domain sizes
ranging from 2 to 100 nm and have been used as templates to fabricate quantum dots, nanowires,
magnetic storage media, nanopores, and silicon capacitors [1-6]. Integrated circuits with faster
processing speeds, higher storage capacity, significant size reduction, and lower energy
requirements have characterized the microelectronics industry. However, the current 193-nm
patterning technology is approaching its resolution limit, and although extreme ultraviolet
lithography (EUVL) is being developed as the next-generation patterning technology for the 7
nm node, due to its high cost and limited throughput, its application for semiconductor
manufacturing still remains a challenging task [7—11]. Directed self-assembly (DSA) of block
polymer systems represents an attractive ‘“bottom-up” alternative to EUVL and multiple
patterning techniques as via this method, the block polymer systems can self-assemble into
nanoscopic periodic patterns over large areas [12-21]. The phase behavior of the AB- and
ABA-type BCPs depends on the volume fraction of the A block (fa), degree of polymerization
(N), Flory—Huggins interaction parameter (y), and molecular architecture. The distance between
microphase-separated domains, called domain spacing (d), scales as d ~ N%® y*®in the strong
segregation limit [22-24]; therefore, developing BCPs with a high y and lower total N is a
strategy used by several researchers for obtaining a small feature size in the BCP self-assembly

[25-35].

In our previous investigations, we have found that oligosaccharides are useful building blocks
for designing BCPs capable of self-assembling into microphase-separated structures of sub-10

nm domain size [36—41]. In these systems, the strong hydrophilicity imparted by the presence
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of multiple hydroxyl groups results in oligosaccharide-containing amphiphilic BCPs with high
x values, and the rigidity of the carbohydrate backbone further enhances the incompatibility of
the hydrophilic block with the hydrophobic block. Additionally, Hillmyer’s and Sita’s groups
have recently reported sugar-based amphiphiles and sugar-based BCPs, respectively, which can
self-assemble into ultra-small nanodomains [42,43]. Furthermore, we have reported that the
thin films of oligosaccharide-based BCPs can self-assemble into longer-range ordered, standing
nanodomains in a few seconds using p-wave energy as a heating source in both the presence
and absence of annealing solvent vapors [44,45]. Therefore, further expansion of the
oligosaccharide-based BCP system is of fundamental interest for future nanotechnology
applications.

Herein, we report a novel family of oligosaccharide-based BCPs, consisting of
maltooligosaccharide and poly(propylene oxide) (PPO), capable of forming ultra-small
microphase-separated structures. PPO is well-known as the hydrophobic part of Pluronics,
which are amphiphilic BCPs consisting of poly(ethylene oxide) (PEO) and PPO [45]. Pluronics
are used in various applications such as in detergents, emulsifiers, gelation agents,
nanotemplates for porous material preparation, and drug nanocarriers, where the self-assembly
behaviors driven by the amphiphilic nature of Pluronics play an important role [45-48].
However, most of the neat Pluronics do not undergo microphase separation due to their small
x and N values [49,50]; this has limited their nanotechnology applications in the bulk and thin
film states. Thus, our idea is to replace the PEO block by an oligosaccharide to achieve
Pluronics with high y values; such BCPs can be termed as “Sweet Pluronics”. Specifically,
herein, we synthesized an AB-type diblock copolymer (PPO2k-b-MT) and ABA-type triblock
copolymers (Mal-b-PPOz-b-Mal, MT-b-PPOux or 4k-b-MT, and MH-b-PPOzk or 4k-b-MH), in
which maltose (Mal), maltotriose (MT), and maltoheptaose (MH) were used as the
oligosaccharide block, by a click reaction between azido-functionalized PPOs and propargyl-
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functionalized maltooligosaccharides. These BCPs were examined in both the bulk and thin
film states by small-angle X-ray scattering and imaging techniques, revealing the formation of
lamellar (LAM), cylindrical, and spherical nanostructures (sub-4 nm nanofeatures) with d as
low as 6.2 nm. Note that Akiyoshi et al. reported similar BCPs for application in vesicle
formation in aqueous media during the course of our current study [51]. Nevertheless, this is

the first study to demonstrate the microphase separation of an oligosaccharide/PPO BCP system.



Results and discussion

Synthesis of BCPs. To prepare PPO-based BCPs, initially, commercially available
poly(propylene glycol) monobutyl ether and poly(propylene glycols) with different molecular
weights were reacted with p-toluenesulfonyl chloride in the presence of trimethylamine (TEA)
to obtain w-tosyl poly(propylene glycol) (PPO-Ts) and a,w-ditosyl poly(propylene glycol) (Ts-
PPO-Ts), respectively; subsequently, PPO-Ts and Ts-PPO-Ts were treated with NaN3 in N,N-
dimethylformamide (DMF) at 60 °C overnight to synthesize azido-functionalized PPOs (PPO-

Nz and N3-PPO-Ns, respectively) in good yields (Scheme 1).
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Scheme 1. Synthesis of AB- and ABA-type block copolymers consisting of oligosaccharides
(maltoheptaose (MH), maltotriose (MT), or maltose (Mal)) as the A block and poly(propylene
oxide) (PPO) as the B block.

The *H NMR spectra of a representative azido-functionalized PPO, N3-PPOx-Ns, and its

precursors are shown in Figure S1. The disappearance of the signals positioned at 3.90 ppm and



~3.19 ppm corresponding to —CH(CHz)-OH and —CH».-OH of poly(propylene glycol),
respectively, and appearance of signals at 7.30—-7.80 ppm due to the tosyl group confirmed the
synthesis of Ts-PPO-Ts. Finally, the disappearance of the signals corresponding to the tosyl
group after the treatment of Ts-PPO-Ts with NaNs indicated the formation of N3-PPO-N3. The
appearance of an absorption band at ~2100 cm™ due to the azido group in the FTIR spectrum

(Figure S2) further confirmed the azido-end functionalization of PPO.

The BCPs were prepared by the click reaction of azido end-functionalized PPOs with propargyl
end-functionalized oligosaccharides (Mal-C=CH, MT-C=CH, and MH-C=CH) in DMF in the
presence of Cu/CuO nanopowder (CuNP) as a catalyst. The complete disappearance of the
abovementioned absorption band at ~2100 cm™ confirmed the quantitative conversion of the

azido end-functionalized PPOs into the corresponding BCPs (Figure S2).

The BCPs were further characterized by 'H NMR spectroscopy and size-exclusion
chromatography (SEC). The *H NMR spectrum of MT-b-PPOa-b-MT is shown in Figure 1.
The appearance of signals at 8.07-8.26 ppm, 6.10-3.80 ppm, and 1.1 ppm due to the triazole
ring proton, oligosaccharides, and methyl group of the PPO backbone, respectively, confirmed
the formation of the BCPs. The molecular weight and composition of the BCPs could be
determined by the relative integration of the signals located at 1.1 ppm due to the methyl group
of the PPO backbone and at 5.15 ppm due to the C1 protons of the oligosaccharide units. The
SEC results revealed a clear shift of the elution peak toward the higher-molecular-weight region
upon the click reaction; this is good evidence for the successful formation of the desired BCPs

via the click reaction (Figure 2).
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Figure 1. 'H NMR spectrum of MT-b-PPO2-b-MT (400 MHz, DMF-d7, 25 °C). The asterisks
represent the peaks of the contaminated DMF and H20 in the D-solvent.
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Figure 2. SEC profiles of MT-b-PPOx-b-MT (red) and the corresponding azido end-
functionalized N3-PPO2«-N3 (black) in DMF (containing 0.01 M LiCl) at 40 °C.



The molecular characteristics of the BCPs with different molecular weights and compositions
are presented in Table 1. It is apparent from the data shown in Table 1 that well-defined BCPs
with expected molecular weights were prepared except for MH-b-PPOx-b-MH, wherein the
calculated molecular weight of MH was lower than the expected molecular weight because of

the presence of some diblock copolymers in this sample.

Table 1. Characteristics of the AB- and ABA-type block copolymers.

a a b
Sample M(ré Or;;i? (';/l :{,ngtﬁll) (g/lpnsg ICl) pP foligosaccharideC
PPO2-b-MT 2160 2740 4430 1.14 0.13
MT-b-PPOsk-b-MT 4380 5550 9380 1.24 0.13
MT-b-PPOok-b-MT 2000 3160 12900 1.08 0.25
MH-b-PPO2k-b-MH 2000 4025 20250 1.14 0.43
MH-b-PPOgsk-b-MH 4000 6420 27800 1.15 0.31
Mal-b-PPO2k-b-Mal 2000 2680 10600 1.12 0.18

a8 Determined by *H NMR. ? Determined by SEC in DMF (containing 0.01 M LiCl) based on
polystyrene calibration. ¢ Oligosaccharide volume fraction (foligosaccharide) Was calculated based
on the molecular weight and density value of each block.

Morphologies in the bulk. The diblock and triblock copolymers composed of PPO and
oligosaccharide blocks are expected to exhibit microphase separation due to the strong
immiscibility of these two blocks. To obtain information regarding the nanostructures present
in the bulk state, small-angle X-ray scattering (SAXS) experiments were performed at ambient
temperature on the bulk samples before and after thermal annealing (at 80, 130, and 180 °C for
30 min), as summarized in Figures 3-5. The clearly observable primary scattering peaks in all
the SAXS profiles indicated that the PPO and oligosaccharide blocks were apparently phase-

separated.



PPO,,-b-MT MT-b-PPO 4-b-MT
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Figure 3. SAXS profiles of the bulk PPO2-b-MT and MT-b-PPOask-b-MT samples before and
after thermal annealing at 80 and 130 °C for 30 min. All SAXS experiments were performed at
room temperature.

MT-b-PPO,-b-MT MH-b-PPO,,-b-MH
q*
v q*

2q* inverse HEX,
v LAM, d =6.7 nm d=8.5nm
3q* '
vy  180°C 180 °C

inverse HEX,

d=8.2nm
130 °C
inverse HEX,
d=8.2nm
80 °C
inverse HEX,

d=8.2nm
non-annealed

M LAM, d = 6.8 nm
v 130 °C

LAM, d =7.0 nm
Y 80 °C

v LAM, d =6.9 nm
v hon-annealed

Figure 4. SAXS profiles of the bulk MT-b-PPO2-b-MT and MH-b-PPO2-b-MH samples
before and after thermal annealing at 80, 130, and 180 °C for 30 min. All SAXS experiments
were performed at room temperature.
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MH-b-PPO ,,-b-MH Mal-b-PPO,,-b-Mal

LAM, d =12.7 nm
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LAM, d =12.2 nm
130 °C
LAM, d =12.2 nm
80 °C
LAM, d = 11.5 nm
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LAM, d = 7.0 nm
non-annealed

Figure 5. SAXS profiles for the bulk MH-b-PPOusk-b-MH and Mal-b-PPOuk-b-Mal samples
before and after thermal annealing at 80, 130, and 180 °C for 30 min. All SAXS experiments
were performed at room temperature.

The BCPs provided different sets of scattering patterns depending on their composition. As
shown in Figure 3, prior to thermal annealing, PPO2«-b-MT exhibited a primary scattering peak
at g = 0.7850 nm™ along with a weak secondary scattering peak at \3q", corresponding to a
hexagonally close-packed cylindrical (HEX) phase. As the volume fraction of the PPO block is
significantly greater than that of the MT block, the cylindrical domain and the matrix should be
assigned to MT and PPO, respectively. The d value for the HEX phase was determined to be
8.0 nm using the relationship d = 2z/q". When PPOax-b-MT was annealed at 80 °C, a scattering
pattern identical to that of non-annealed PPO2k-b-MT was observed, indicating that no change
in morphology and d occurred after annealing. Contrarily, after thermal annealing at 130 °C, a
change in the scattering pattern was observed. The appearance of higher-order scattering peaks
at V29" and V3q" suggested the formation of a BCC spherical structure with a d of 7.8 nm. This
kind of order-to-order transition has been found in the BCPs exhibiting an upper critical

ordering transition, where y decreases with the increasing temperature [52-54].
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Interestingly, MT-b-PPOus-b-MT, having the same foligosaccharide @5 PPO2k-b-MT, exhibited a
SAXS profile with sharp and higher-order scattering peaks, indicating a well-defined longer-
range-ordered HEX morphology (Figure 1). Herein, no difference in the scattering pattern and
peak intensity was observed in the SAXS profiles of MT-b-PPO4-b-MT before and after
annealing; this suggests that the morphologies formed by MT-b-PPO4k-b-MT are more stable
than those formed by PPO2«-b-MT. This could be due to the ABA-type architecture of MT-b-
PPOus-b-MT, which can cause crosslinking between the cylindrical domains in this particular
case, restricting the chain mobility and eventually morphological transition. The d calculated
from the first-order peak prior to annealing was found to be 8.1 nm, which slightly decreased

to 7.8 nm upon annealing (at 130 °C) due to the decrease in y with the increasing temperature.

Herein, conventional PPO-b-PEO and PEO-b-PPO-b-PEO, having the total molecular weight
and hydrophilic/hydrophobic ratio comparable to those of PPO2-b-MT and MT-b-PPQO4k-b-
MT, respectively, did not undergo microphase separation. The SAXS profiles of PPO-b-PEO
and PEO-b-PPO-b-PEO obtained at room temperature showed featureless scattering and a
broad peak (Figure S3), respectively, suggesting that the segregation strength between the PPO
and PEO blocks is significantly less than the critical values (yN < 10.5). That is, replacing the
hydrophilic PEO block by an oligosaccharide substantially enhanced the incompatibility of the
hydrophilic block with the PPO block; this made the formation of the microphase-separated

structures possible despite the low N of the oligosaccharide-containing PPOs.

When the foligosaccharide Was doubled (MT-b-PPO2k-b-MT; foligosaccharide = 0.25) by decreasing the
molecular weight of the central PPO block, the scattering peaks appeared at q°, 29", and 39",
indicating the LAM morphology (Figure 4). The presence of sharp and higher-order peaks
implies the formation of well-defined longer-range ordered nanostructures. The scattering

peaks became significantly sharper upon annealing MT-b-PPO2k-b-MT, thereby suggesting that
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the thermal treatment facilitated the development of microphase-separated structures, leading
to the formation of nanostructures with higher degrees of ordering. The d is approximately 7
nm, which makes MT-b-PPOx-b-MT a promising material for the production of sub-4 nm

patterning for future nanolithography applications.

Interestingly, when the foligosaccharide Was further increased by introducing MH as side blocks
(MH-b-PPO2k-b-MH; foligesaccharide = 0.43), scattering peaks appeared at q*, ¥3q™, and 2q” in the
SAXS profiles of both the annealed and non-annealed samples, suggesting the formation of the
HEX morphology. Considering the abovementioned results, it can be concluded that the
formation of inverse cylinders, i.e., PPO cylinders, occurred in the oligosaccharide matrix in

this case. The d calculated from the first-order peaks was 8.2-8.5 nm.

When the molecular weight of the central block was increased to 4k with MH as the side blocks
(MH-b-PPOusk-b-MH;  foligosaccharicie = 0.31), the BCP microphase-separated to a LAM

morphology with a d of 11.5-12.7 nm, as suggested by its SAXS profile (Figure 5).

Finally, to further reduce the d, the side blocks were replaced with Mal, having only two sugar
units (Mal-b-PPO2-b-Mal; foligosaccharice = 0.18). The non-annealed sample and the sample
annealed at 80 °C exhibited scattering peaks corresponding to the LAM morphology (Figure 5).
However, an increase in the annealing temperature above 80 °C led to broadening of the first-
order peak and disappearance of the secondary peak, indicating an order-to-disorder transition
(ODT). This phenomenon could be explained by the fact that Mal has a lower molecular weight
and lower glass transition temperature (93 °C) than MT (134 °C) [55] and MH (161 °C) [56],
leading to less hydrogen bonding among sugar units and higher chain mobility. These factors
reduced y, which eventually caused an ODT in Mal-b-PPO.-b-Mal at lower annealing
temperatures than that in the case of the BCPs with MT and MH as the side blocks. The d

calculated from the first-order peak was 6.4-7.0 nm, indicating that d decreased upon
13



decreasing the molecular weight of the oligosaccharide block. These SAXS results confirmed
that the present triblock copolymer system is particularly promising for sub-4 nm

nanopatterning applications.

Morphologies in thin films. To investigate the thin film morphologies, which are very
important for the potential application of oligosaccharide-based BCPs in nanotechnology such
as in nanolithography, atomic force microscopy (AFM) and grazing-incidence small-angle X-
ray scattering (GISAXS) were employed. GISAXS is a particularly important technique for
studying thin film morphologies because it provides not only an idea about the surface
morphologies but also information about the orientation and nature of microdomains inside the
thin film up to a certain depth; contrarily, AFM only reveals the surface texture of the thin film.
The copolymer thin films were obtained by spin coating a 2 wt.% copolymer solution in ethanol
at 2000 rpm on smooth silicon wafers followed by thermal treatment in a preheated oven under
vacuum and/or high-temperature solvent vapor annealing (HTSVA) using p-wave as the
heating source. The thickness of these films was in the 40-60 nm range, as determined by
reflectometry. The AFM phase images of the as-cast and thermally annealed PPO2-b-MT films
and their corresponding GISAXS profiles are shown in Figure 6. The AFM phase image of the
as-cast thin films demonstrates a fingerprint-like pattern corresponding to the horizontally
orientated HEX morphologies. The apparent order of the thin film morphologies improved with
the increasing annealing temperature because of the increase in chain mobility (Figures 6a—c).
The periodicity of the as-cast film, as measured by the fast Fourier transform of the AFM phase
image (darm), was ca. 8 nm, which slightly decreased with the increasing temperature probably
due to better packing in the annealed samples and is in agreement with the SAXS results. To
further study the microphase-separated structures of PPO2k-b-MT deep inside the thin-film
samples employed for the AFM observations, the GISAXS experiments were performed. As

shown in Figure 6d, the as-cast PPOx-b-MT films exhibited horizontally oriented HEX
14



morphologies. The appearance of sharper and second-order peaks in the GISAXS profile of the
sample thermally annealed at 80 °C revealed the presence of a longer-range ordered
morphology (Figure 6e). The formation of a parallel LAM morphology along with the
horizontally oriented HEX morphology was indicated by the GISAXS profile of the sample
thermally annealed at 130 °C. The parallel LAM formation in this highly asymmetric BCP
could be due to the presence of a local gradient in composition produced by the movement of
some PPO molecules toward the surface to reduce the interfacial energy difference at the
air/polymer interface during annealing close to the glass transition temperature of MT (134 °C)
[55]. The increase in the chain mobility and decrease in y at high temperatures probably

triggered this phenomenon.
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Figure 6. AFM phase images of PPO2a-b-MT before and after thermal annealing at different
temperatures: (a) as-cast sample and samples annealed at (b) 80 and (c) 130 °C for 30 min; (d),
(e), and (f) are their corresponding synchrotron GISAXS profiles. The insets in the AFM images
show the corresponding FFT patterns, from which the darm was estimated. The thin films were
prepared by spin coating a 2 wt% copolymer solution in ethanol onto a silicon substrate.

Similar results were obtained for MT-b-PPOu4-b-MT having the same composition as PPO2-

b-MT (Figure 7); however, less intense GISAXS scattering peaks were observed in this case.
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Figure 7. AFM phase images of MT-b-PPOus-b-MT before and after thermal annealing at
different temperatures: (a) as-cast sample and samples annealed at (b) 80 and (c) 130 °C for 30
min; (d), (e), and () are their corresponding synchrotron GISAXS profiles. The insets in the
AFM images show the corresponding FFT patterns, from which the darm was estimated. The
thin films were prepared by spin coating a 2 wt% copolymer solution in ethanol onto a silicon
substrate.

For the as-cast and thermally annealed thin films of MT-b-PPO2k-b-MT, which has a double
foligosaccharide @S compared to that of MT-b-PPOask-b-MT, no nanostructure was observed in the
AFM images (Figures 8a and b, respectively). When these films were examined using GISAXS,
scattering spots were observed along the g direction in both cases (Figures 8d and e), clearly
indicating the formation of the parallel LAM morphology along with the bulk morphology as
observed in the case of the abovementioned SAXS analysis. The parallel LAM orientation is
common in low-molecular-weight high-y BCPs, where the surface energy difference between
the BCP (with highly incompatible blocks) and the substrate as well as air at their interfaces is
very high. As the surface energies of PPO and oligosaccharides are not identical, one block will

interact more with the substrate than the other; this results in the parallel LAM morphology.
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HTSVA has the advantages of both the solvent vapor and thermal annealing routes and causes
microphase segregation within seconds [43,44]. During this ultrafast self-assembly, the BCPs
do not have enough time to adjust their conformations, and the perpendicular orientation is
kinetically favored. To test this hypothesis, MT-b-PPO2x-b-MT was annealed at 100 °C using
a J-wave oven as the heating source in the presence of a tetrahydrofuran (THF)/H20 (75/25,
w/w) mixture for 5 s. Interestingly, the microphase-separated structure was clearly observed in
the AFM phase image (Figure 8c), and based on the SAXS results, we considered it to be a
vertical LAM structure. However, the GISAXS profile of this sample showed the formation of
the horizontally orientated HEX structure. In fact, the presence of solvent vapors dominated by
THF causes preferential swelling of the PPO block, leading to the transition from the LAM to

the HEX morphology.
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Figure 8. AFM phase images of the MT-b-PPOx-b-MT thin films prepared using different
annealing techniques: (a) as-cast thin film and thin films obtained by (b) thermal annealing at
130 °C for 30 min and (c) p-wave annealing in the presence of THF/H.O (75:25, w/w) at 100 °C
for 5 s. The inset in the AFM image (c) shows the corresponding FFT, from which the darm
was estimated. (d), (e), and (f) are the corresponding synchrotron GISAXS profiles. The thin
films were prepared by spin coating a 2 wt% copolymer solution in ethanol+3 drops of DMF
onto a silicon substrate.
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When the foligosaccharide Was further increased by introducing MH instead of MT (MH-b-PPO2-
b-MH), the HEX morphologies were obtained in both the non-annealed and annealed thin film
samples (Figure 9). Both the as-cast and thermally annealed (130 °C, 30 min) thin films showed
poorly ordered horizontally oriented HEX morphologies, as indicated in their AFM phase
images (Figures 9a and b) and the GISAXS profiles (Figures 9d and e), respectively. Excitingly,
vertical PPO cylinders embedded inside the MH matrix with a d of approximately 8 nm were
clearly observed in the AFM phase image of the MH-b-PPOx-b-MH sample (Figure 9c)
prepared using HTSVA. The FFT pattern shows a hexagonal packing of these cylinders.
Nevertheless, when this sample was analyzed by GISAXS, the scattering pattern indicated the
presence of the horizontally orientated HEX morphology, which could have originated due to
different interfacial energies at the substrate/copolymer and copolymer/air interfaces. The
vertical cylinders were formed on the outer surface layer, while the horizontal cylinders existed

in the inner layers of the thin film.
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Figure 9. AFM phase images of the MH-b-PPOzk-b-MH thin films prepared using different
annealing techniques: (a) as-cast thin film and thin films obtained by (b) thermal annealing at
130 °C for 30 min and (c) p-wave annealing in the presence of THF/H20 (75:25, w/w) at 100 °C
for 10 s. The inset in the AFM image (c) shows the corresponding FFT pattern, from which the
darm Was estimated. (d), (e), and (f) are their corresponding synchrotron GISAXS profiles. The
thin films were prepared by spin coating a 2 wt% copolymer solution in ethanol+3 drops of
DMF onto a silicon substrate.

Similar to MT-b-PPO2-b-MT, MH-b-PPOusk-b-MH and Mal-b-PPO2«-b-Mal also showed a
transition from the LAM morphology in the bulk state to the HEX morphology in the thin film
state upon HTSVA using p-wave energy at different temperatures and annealing times (Figures
10 and S4). As shown in the AFM phase images, all the MH-b-PPOak-b-MH samples exhibited
a similar order, i.e., horizontally orientated HEX, in their morphologies independent of the
annealing temperature and time; this was further confirmed by their GISAXS profiles (Figures

10e-h).
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Figure 10. AFM phase images of the MH-b-PPOuk-b-MH thin films prepared by p-wave
annealing in the presence of THF/H2O (75:25, wt/wt) by varying the annealing time and
temperature: (a) 100 °C for 2 s, (b) 100 °C for 5 s, (¢) 100 °C for 10 s, and (d) 130 °C for 5 s.
The insets in the AFM images show the corresponding FFT patterns, from which the dagm was
estimated. (e), (f), (g), and (h) show their corresponding synchrotron GISAXS profiles. The
thin films were prepared by spin coating a 2 wt% copolymer solution in ethanol+3 drops of
DMF onto a silicon substrate.

Conclusion

In summary, we successfully synthesized high-y AB- and ABA-type BCPs with different
molecular weights and compositions based on commercially available poly(propylene glycol)
and oligosaccharides, i.e. MH, MT, and Mal, using a click chemistry approach. The BCP
systems self-assembled in the bulk state to provide longer-range-order HEX, BCC, and LAM
nanostructures depending on their compositions and annealing temperatures with the d of 6.4—
12.7 nm, as revealed by the SAXS analysis; this makes them excellent candidates for future
nanopatterning applications. Most importantly, well-defined nanopatterns were also observed
in the thermal and high-temperature solvent vapor-annealed thin films on the silicon wafers.
The transition from the LAM to the HEX morphologies occurred when thin films were exposed

to high-temperature solvent vapors using a p-wave oven as the heating source. The preferential
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swelling of the PPO block by the solvent vapors caused a change in the volume fraction of the
BCPs, which should be responsible for this order-to-order transition. This transition of the
parallel LAM morphology to the HEX morphology in the thin film state could be prevented
using either nonselective solvents (e.g., methanol), which equally swell both the blocks during
HTSVA, neutral interfaces during thermal annealing, or p-wave heating without solvent vapors.
These strategies are currently in progress in our laboratory. Finally, this work demonstrated that
the carbohydrate-containing PPOs, i.e., “Sweet Pluronics”, can advantageously replace the

classical Pluronic systems (PEO-b-PPO and PEO-b-PPO-b-PEQ) in different applications.
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