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ABSTRACT: We demonstrate an original and simple route to synthesize
oligosaccharides-based Janus-type bottlebrush block copolymers (BBCPs) with the
combination of anionic polymerization, ring-opening metathesis polymerization, and
click chemistry techniques following grafting-through and grafting-to approach.
These Janus-type BBCPs having different molecular weights of side chains and
backbone lengths undergo phase-segregation under conventional solvent vapor
annealing (SVA) for 14−60 h or high temperature solvent vapor annealing
(HTSVA) using μ-wave energy for 1 min, into long-range order sub-5 nm (half-
pitch) periodic nanodomains in their thin films. This simple strategy could be used
for large-scale production of Janus-type BBCPs, and side chains on either side of
BBCPs could be replaced by a variety of other polymer systems. By replacing the
oligosaccharides branches by other polymer systems like polylactide, polycapro-
lactone, or poly(ethylene oxide), we could further simplify this approach and reduce
the number of steps (2 or 3) to reach the final product, i.e., from synthesis of macromonomer to final Janus-type BBCPs. It is
noteworthy that it is the first report on achieving sub-5 nm nanofeatures in thin films using Janus-type BBCPs.

■ INTRODUCTION
Block copolymer (BCP) materials have attracted a lot of
research interest, thanks to their ability to self-assemble into
many useful periodic nanofeatures such as hexagonal cylinders,
cubic spheres, alternating lamellae, and bicontinuous gyro-
ids,1,2 These nanostructures have shown a wide range of
applications in nanolithography,3,4 electronic and energy
devices,5−9 and nanoscale templating and patterning,10,11

leading to important developments in the semiconductor and
many other industries.
While strategies for obtaining long-range lateral ordering of

microdomains with dimensions between 10 and 100 nm have
been well studied, achieving well-ordered microdomains in the
sub-10 nm regime remains challenging. The interest in
nanofabrication via BCP self-assembly has motivated studies
of diverse block architectures, such as multiblocks and
bottlebrushes, to overcome the limitations of diblock
copolymers and extend the available microdomain geometries.
Conventional “A-block-B” diblock bottlebrush copolymers
(BBCPs) consist of a backbone with side chains of each
block occupying different regions of the backbone and exhibit
large molecular size, densely grafted side chains and a worm-
like conformation.12,13 These conventional diblock BBCPs
with high molecular weight have tendency to undergo rapid
microphase separation due to the lack of entanglement and
thus reduced kinetic barrier for self-assembly.14−16 However,

the self-assembled microdomain sizes achievable via BBCPs are
much larger than that obtained from their linear analogs,
making them attractive candidates for applications such as
photonic crystals.17,18

In BCPs with moderate intersegment repulsion, typically
reflected by a relatively low value of the Flory−Huggins
interaction parameter (χ), a high N (degree of polymerization)
value that is required to ensure a sufficiently large
thermodynamic driving force for the formation of well-ordered
nanostructures inevitably results in a large nanodomain size. A
prevailing approach to scaling down nanodomains is based on
the design of high-χ BCPs19−26 that allow for the creation of
ordered nanostructures with significantly reduced N. The
introduction of high-χ segments in low-N BCPs to compensate
for the loss in the driving force for self-assembly may interfere
with other properties, such as thermomechanical behaviors and
processability, that are essential for a chosen application.
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In order to reduce the domain spacing in high-χ copolymers
without sacrificing their thermomechanical properties and
processability, which are key for their large-scale industrial
applications, a new class of copolymers named Janus-type
BBCPs have been developed.27−30 Janus-type BBCPs are a
class of special molecular brushes, which have two immiscible
side chains also called “A-branch-B” on the repeating unit of
the backbone. In contrast to the conventional linear BCPs and
BBCPs, the microdomain period of Janus-type “A-branch-B”
BBCPs scales with the length of the side chains instead of the
overall backbone length. Therefore, ultrasmall period patterns
with diverse morphologies can be realized from high-MW
Janus-type BBCPs by tuning the side chain length.
However, the synthesis of these Janus-type BBCPs requires

multistep reactions and complex purifications steps, therefore
restricting their large-scale production for desired applications.
Hence, new strategies are needed to simplify their synthesis.
Ross and co-workers31 have reported the self-assemblies of

Janus-type “PS-branch-PDMS” BBCP using a topographical
templating technique that exhibited 22 nm periodic cylindrical
microdomains with long-range order under solvent vapor
annealing (SVA). Interestingly, Guo et al.27 have described the
synthesis and self-assemblies of PDMS-branch-PLA BBCP into
ultrasmall nanodomains (2.8 nm half-pitch) in bulk. To the
best of our knowledge, the self-assemblies of Janus-type BBCP
into sub-5 nm nanofeatures (half-pitch) in their thin films have
never been reported in the literature.
Herein, we report a straightforward strategy to synthesize

well-defined oligosaccharide-based Janus-type BBCPs by the
combination of grafting-through and grafting-to approach, in
three main steps using anionic polymerization, ring-opening
metathesis polymerization (ROMP), and click chemistry.
These Janus-type BBCP self-assemble in their thin films on a
naked silicon substrate into nanodomains as small as sub-5 nm.
The effects of the molecular weights of the PS side chain and
oligosaccharide chain lengths as well as the Janus BBCPs
backbone length on the size, morphology, and orientation of
nanofeatures have been studied. Thin films were annealed
using conventional SVA at room temperature for 14−60 h and
high temperature solvent vapor annealing (HTSVA)32 for 1
min using microwave energy. The effect of solvent
composition, duration, and solvent annealing technique on
the thin films’ self-segregation behavior has been described in

detail. The morphological behavior of Janus BBCPs in their
thin films was studied by taking their atomic force microscopy
(AFM) images and grazing incidence small-angle X-ray
scattering (GISAXS) measurements.

■ RESULTS AND DISCUSSION
Synthesis of Janus Copolymers. The oligosaccharide-

based Janus-type BBCPs were prepared by the combination of
anionic, ROMP, and click chemistry, as illustrated in Scheme 1.
In order to realize the synthesis of Janus-type block

copolymers with immiscible side chains, several samples of
ω-(1-bicyclo [2.2.1]hept-5ene-2yl)-1-methanol)-functionalized
polystyrene (PSNb−OH) with different molecules were
prepared by anionic polymerization of styrene in toluene
accompanied by the addition of bicyclo[2.2.1]hept-5-ene-2-
carboxaldehyde to terminate the reaction. The characteristics
of PSNb−OH samples are summarized in Table S1. As
confirmed from their size exclusion chromatography (SEC)
characterization (Figure S1), well-defined PSNb−OH polymer
samples with controlled molar mass and narrow dispersity were
obtained during this process.
The 1H NMR spectra of the PSNb−OH samples are shown

in Figure S2. The molar mass of the PSNb−OH could also be
determined by the relative integration of the peaks present at
0.59−0.76 ppm due to two methyl groups from initiator to the
peaks arising at 6.34−7.50 ppm due to the styrene ring in the
1H NMR spectra of PSNb−OH samples and is in close
agreement with molecular weight determined by SEC in DMF
using a polystyrene standard. The presence of peaks at 5.48−
6.24 ppm due to the (−CH�CH−) moiety of the norbornene
ring confirms the end group functionalization.
The PSNb−OH samples were then treated with 4-

bromobutyryl chloride in CH2Cl2 in the presence of Pyridine
to obtain ω-(1-bicyclo[2.2.1]hept-5ene-2yl)-1-methyl-4-bro-
mobutanoate) polystyrene (PSNb-BuBr). The 1H NMR
spectrum of a PSNb-BuBr sample is shown in Figure S3.
The appearance of a peak at 3.43 ppm, characteristic of the (−
CH2Br) group, confirms the end group modification.
These PSNb-BuBr macromonomer samples were then

subjected to ROMP with the desired degree of polymerization.
The disappearance of the peaks at 5.48−6.24 ppm due to the
(−CH�CH−) moiety of the norbornene ring accompanied by
the appearance of a new broad peak at 5.0 ppm due to the

Scheme 1. Synthesis of Janus-Type Bottle-Brush Block Copolymers

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c00390
Macromolecules 2024, 57, 9595−9605

9596

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00390/suppl_file/ma4c00390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00390/suppl_file/ma4c00390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00390/suppl_file/ma4c00390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00390/suppl_file/ma4c00390_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00390?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00390?fig=sch1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(−CH�CH−) moiety of the polynorbornene backbone in the
IH NMR spectrum (Figure S4) of PPSNb-BuBr and a clear
shift in the position of SEC curve to higher molecular weight
(Figure S5) confirm the ring opening polymerization of the
PSNb-BuBr macro-monomer. The characteristics of the
PPSNb-BuBr samples prepared in this study are summarized
in Table S2. As is evident from their SEC traces (Figure S6),
well-defined PPSNb-BuBr samples with narrow size distribu-
tion were obtained during ring opening polymerization.
These PPSNb-BuBr samples were then treated with excess

of NaN3 in DMF to 60 °C overnight in order to introduce
azido functionality. The complete displacement of the peak
present at 3.35 ppm due to the −CH2Br group to 3.19 ppm in
the 1H NMR (Figure S7) and appearance of a new peak at
2100 cm−1 in the FTIR spectrum of PPSNb-BuN3 revealed the
full azido functionalization.
Finally, Janus-type bottlebrush copolymers were prepared

using the grafting-to approach by click reaction of azido end-
functionalized PPSNb-BuN3 with acetylene end-functionalized
oligosaccharides (MT-C�CH, and MH-C�CH) in DMF in
the presence of copper nanopowder as a catalyst. The
complete disappearance of the absorption band at ∼2100
cm−1 in the FTIR spectrum due to the azido group confirmed
the quantitative conversion (Figure S8).
The block copolymers were further characterized by 1H

NMR spectroscopy and SEC. The 1H NMR spectrum of
Janus-02 is shown in Figure 1. The appearance of signals

positioned at 6.35−7.50 and 6.2−3.80 ppm due to styrene of
the polystyrene backbone and oligosaccharides, respectively,
confirmed the formation of Janus-type copolymers. The
composition of copolymers could be determined by relative
integration of the signals located at 6.35−7.50 ppm due to the
styrene ring of the polystyrene backbone and at 5.18 ppm due
to C1 protons of the oligosaccharide units.
The SEC analysis revealed the clear shift of the elution peak

toward the higher molecular weight region upon the click
reaction, which is clear evidence of the successful click reaction
to form the desired copolymers (Figure S9). As is apparent
from the SEC traces (Figures 2 and S10), well-defined Janus
copolymers with narrow size distribution were prepared. The
SEC curves follow their increasing molecular weight trends
except Janus-03 and Janus-12 and are probably attributed to
their difference in PS block molecular weight. When SEC

traces of these samples were drawn separately, they follow their
increasing molecular weight trend (Figure S10).
The characteristics of the different Janus copolymer samples

are summarized in Table 1. As is evident from Table 1, the
experimentally calculated molecular weight is in close agree-
ment with theoretical molecular weights. Moreover, the overall
experimentally obtained composition is very close to the
expected values. A small difference from the expected values
could be the result of micellization of the copolymers in
solution during the NMR measurement, in which a small
portion of the oligosaccharide is not accessible. Otherwise,
their FTIR spectra showed full conversion of azido functions
Figure S11.

Self-Assemblies of Janus Copolymers in Thin Films.
In order to investigate the self-assembly behavior of Janus-type
bottle-brush copolymers (BBCPs) with different molecular
weights and compositions, their thin films were prepared on
freshly treated silicon wafers by the spin coating process.
Plasma-treated silicon wafers facilitated the formation of
uniform BBCP films due to the favorable interaction between
the carbohydrate segments and the wafer’s hydrophilic surface
when the BBCPs, dissolved in DMF (a polar organic solvent),
were subjected to the spin-coating process. In contrast,
dewetting occurred when pristine silicon wafers were used.
Film thickness, measured by reflectometry using a F-20
instrument from FILMETRICS, was found to be between 35
and 40 nm. These thin films were then subjected to
conventional SVA and high temperature solvent annealing
(HTSVA) using microwave energy. The self-assembly of Janus
BBCP thin films was promoted by exposing the samples for
14−60 h to a THF/H2O (1:1 or 3:1, w/w) saturated
atmosphere for conventional solvent annealing at room
temperature. On the other hand, BBCP thin films were
annealed for only 1 min at 160 °C using μ-wave energy
(HTSVA). THF/H2O mixtures have been chosen as the
solvent system since THF is a good solvent for PS and H2O is
a good solvent for oligosaccharides. Therefore, the vapor
produced from the THF/H2O mixtures imparts mobility to
both blocks of the BBCPs through the sample swelling, which
is necessary to enable rearrangement and enhanced ordering of
the self-assembled BBCPs thin films.
The 2D-GISAXS patterns of the thin films of Janus 1 (DP =

25, Mn
PS = 2 kDa) prepared at different annealing times and

solvent composition along with their corresponding AFM

Figure 1. 1H NMR spectrum of PPSNb-BuMH-02 (Janus-02, Table
1) in DMF-d7 (400 MHz) at 25 °C.

Figure 2. SEC traces of Janus-type BBCPs (Table 1) using DMF as
an eluent at 40 °C.
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images are shown in Figure 3. As is apparent from Figure 3,
well-defined nanofeatures are obtained in each case independ-
ent of the annealing conditions. The 2D-GISXAS scattering
pattern of these samples reveals the presence of in-plane
hexagonally packed carbohydrate cylinders (carbohydrate
cylinders embedded in PS matrix), which is also supported
by their corresponding AFM images, which show the presence
of phase-separated fingerprint structures.
The domain spacing of these HEX cylinders was determined

by their primary scattering peaks (qy*) using the relation d =
2π/q* and was shown in their corresponding images and is in
close agreement with size measured by AFM.
The overall ordering in the thin films improves as the

annealing times increases from 14 to 60 h in each case, as
indicated in their AFM images. The presence of higher order
scattering in 2D-GISAXS of the samples annealed in the
presence of a solvent mixture with higher THF content shows

the presence of longer order and improved self-assembly in
these conditions. The higher order obtained in this solvent
mixture with a higher amount of PS as compared to
oligosaccharides and THF is a good solvent for PS, which
improves the chain mobility during self-segregation, resulting
in an improvement in the order.
In order to study the effect of volume fraction of polystyrene

on the self-assembly behavior of the Janus BBCPs in their thin
films, another example with lower PS molecular weight (Mn

PS

= 1.6 kDa, lowest in this study) was prepared (Janus-02, Table
1). The thin films of Janus-02 were annealed in identical
conditions as described above. The resulting 2D-GISAXS
patterns and their corresponding AFM images are shown in
Figure 4.
Similar to this, 2D-GISAXS scattering patterns and AFM

images of the thin films corroborated the self-segregation to
HEX cylindrical morphologies. It is pertinent to mention here

Table 1. Characteristics of Janus-Type Copolymer Samples

sample

MM/I
feed
ratio

Mn of MM (1H
NMR)
(g/mol) Conv.a

sugar
type

MH/MT

Mn
totalb of

Janus-type BBCPs
(theo.) kg/mol

Mn
totalc of

Janus-type BBCPs
(SEC) kg/mol D̵ fmol

PSd f V PSe morphologyf

domain
spacing
(nm)f

Janus-01 25/1 2200 99 MH 86.4 102.0 1.04 0.50 0.67 CYL 13.6
Janus-02 25/1 1750 88 MH 64.02 69.20 1.13 0.55 0.65 CYL 12.7
Janus-03 25/1 5800 92 MH 133.40 106.25 1.02 0.60 0.90 CYL 14.6
Janus-04 25/1 1750 88 MT 49.7 72.4 1.04 0.57 0.85 CYL 8.3
Janus-10 100/1 1750 93 MH 270.63 221.16 1.07 0.50 0.61 CYL 13.0
Janus-11 100/1 1750 93 MT 210.18 151.6 1.02 050 0.81 CYL 9.4
Janus-12 25/1 3330 92 MH 104.90 94.3 1.04 0.50 0.77 CYL 15.0
aObtained by the relative integration of monomer and polymer peaks in SEC traces using UV detector at 280 nm. bTheoretical molecular weight
was determined by initial macromonomer (MM) to initiator (I) ratio and their conversion. cThe molar mass of Janus BBCP was determined by
SEC using light scattering putting dn/dc values for copolymers as 0.126 mL/g. dThe molar composition of the Janus BBCP copolymer was
determined by the relative integration of the signals located at 5.16 ppm due to C1 protons of oligosaccharides and 6.30−7.35 ppm phenyl ring of
polystyrene. eThe volume fraction of BBCP was determined using polymer densities values of 1.05, 1.36, and 1.80 for PS, MH, and MT,
respectively. fEstimated from their respective 2D-GISAXS patterns of their thin films annealed in the 1:1 THF/H2O SVA system for 24 h. [MM =
macromonomer (PSNb-BuBr), Conv. = conversion, MH = maltoheptaose, MT = maltotriose, Theo. = theoretical, fmol = molar fraction, f v =
volume fraction, CYL = cylinders].

Figure 3. 2D-GISAXS of the PPSNb-BuMH-01 (Janus-01, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 60 h, (d) THF/H2O, 3:1, 14 h, (e) THF/H2O, 3:1, 24 h, and (f) THF/H2O,
3:1, 60 h. (g−l) Their corresponding AFM images and (m−r) their respective GISAXS intensity cuts along the horizontal qy direction taken around
the Yoneda band d = domain spacing.
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that molar mass of PS branch (1.6 kDa) is very close to the
MH branch (1.2 kDa) and one can expect the formation of
lamellar morphology, but cylindrical morphologies were
observed independent of the above-mentioned solvent
annealing conditions. This could be the result of higher THF
vapor pressure in the mixture due to its higher volatility caused
by its lower boiling point as compared to H2O. As a result, PS
swelled more as compared to oligosaccharides, resulting in the
increase in the volume fraction of PS, leading to cylindrical
morphologies in this case. The domain size calculated using

the primary scattering peak of each sample is close agreement
with AFM.
As it is evident from AFM images in Figure 4, the

improvement in the long-range order is observed with
increasing solvent annealing time, which is further supported
by the presence of higher order peaks in their corresponding
2D-GISAXS pattern. The low ordered morphologies observed
at 14 h annealing time (Figure 4a,d) as compared to Janus-01
is probably due to higher content of oligosaccharide in the
sample, which offer stronger hydrogen bonding, resulting in

Figure 4. 2D-GISAXS of the PPSNb-BuMH-02 (Janus-02, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 60 h, (d) THF/H2O, 3:1, 14 h, (e) THF/H2O, 3:1, 24 h, and (f) THF/H2O,
3:1, 60 h. (g−l) Their corresponding AFM images and (m−r) their respective GISAXS intensity cuts along the horizontal qy direction taken around
the Yoneda band.

Figure 5. 2D-GISAXS of the PPSNb-BuMH-03 (Janus-03, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 60 h, (d) THF/H2O, 3:1, 14 h, (e) THF/H2O, 3:1, 24 h, and (f) THF/H2O,
3:1, 60 h. (g−l) Their corresponding AFM images and (m−r) their respective GISAXS intensity cuts along the horizontal qy direction taken around
the Yoneda band.
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the less chain mobility. The higher order observed in the
BBCP sample (Figure 4b) annealed for 24 h in 1:1 (wt/wt)
THF/H2O mixture environment as compared to sample
(Figure 4e) annealed for the same period in a 3:1 (wt/wt)
THF/H2O mixture could also be explained by the presence of
higher MH content, which like the H2O richer environment
results in improved BBCP chain mobility.
In order to further elaborate the effect of PS molecular

weight on morphological behavior, thin films of the Janus
BBCP (Janus-03, Table 1) having a PS branch with 5.5 kDa
molecular weight (highest in this study) were prepared and
treated in a similar fashion as mentioned above. The 2D-
GISAXS patterns and corresponding AFM images (Figure 5)
of these samples disclosed the existence of well-defined
perpendicularly oriented cylinders except in one particular
case where phase transition is observed (Figure 5f,l) at 60 h
annealing. This is supported by the GISAXS intensity profile
along qy integrated around the Yoneda band, which exhibits a
1:√3 relative peak position ratio from the primary scattering
peak qy*, is consistent with an out-of-plane cylindrical
structure. As it is clear from 2D-GISAXS patterns (Figure
5a−c) and corresponding AFM images (Figure 5g−i), the
longer-range order of the HEX cylinders improves with the
increasing annealing time in the 1:1 THF/H2O solvent system,

which is also evident from enhancement in the sharpness of the
scattering peaks at 60 h annealing time (Figure 5o) and the
corresponding two-dimensional Fast Fourier Transform (2D-
FFT) profile. However, inverse effect was observed in 3:1
THF/H2O SVA system, i.e., the longer-range order obtained at
low annealing time (Figure 5d,j,p) due to higher chain mobility
in PS rich sample and this longer range order decrease with
inceasing annealing time until a start of phase transition
process from HEX cylinders to cubic array take place after 60 h
(Figure 5f,l). The PS swelled more in this THF-rich
environment as compared oligosaccharide because of the
increase in its volume fraction, which led to this phase
transition. Nevertheless, the GISAXS intensity profile for this
sample along qy integrated around the Yoneda band still
displays a 1:√3 relative peak position ratio from the primary
scattering peak qy*, which indicates the presence of the HEX
cylindrical structure, and the system seems to be in the process
of the phase transition intermediate stage, which is also evident
from the corresponding 2D-FFT profile (Figure 5r). A similar
phase transition from HEX to cubic morphology was observed
by Paik et al. during their study of the in situ swelling of
poly(α-methylstyrene-block-4-hydroxystyrene) (PαMS-b-
PHOST) thin films in acetone vapor, using a GISAXS
instrument.33

Figure 6. 2D-GISAXS of the PPSNb-BuMT-04 (Janus-04, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 60 h, (d) THF/H2O, 3:1, 14 h, (e) THF/H2O, 3:1, 24 h, and (f) THF/H2O,
3:1, 60 h. (g−l) Their corresponding AFM images.

Figure 7. 2D-GISAXS of the PPSNb-BuMH-10 (Janus-10, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 60 h, (d) THF/H2O, 3:1, 14 h, (e) THF/H2O, 3:1, 24 h, and (f) THF/H2O,
3:1, 60 h. (g−l) Their corresponding AFM images.
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When MH was replaced with MT containing only three
glucose units and branching with smaller PS (1.6 kDa) in Janus
BBCP backbone, well-defined longer range ordered in-plane
HEX cylindrical morphologies were obtained, as shown in the
AFM images and 2D-GISAXS profiles (Figure 6). Similar to
this, the organization of the cylindrical morphologies improves
with annealing time in a 1:1 THF/H2O solvent vapor
environment, which is evident from the appearance and

intensity of the second order scattering peak in its 2D-GISAXS
profiles (Figure 6a−c). On the other hand, better organization
was obtained at lower annealing time (Figure 6d) and a phase
transition took place at 60 h (Figure 6f,l), probably due to the
same reason as described above. The domain size as calculated
from the primary peak of the corresponding GISAXS profiles is
around 8 nm (4 nm half-pitch) and is consistent with their
respective AFM values.

Figure 8. 2D-GISAXS of the PPSNb-BuMT-11 (Janus-11, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 60 h, (d) THF/H2O, 3:1, 14 h, (e) THF/H2O, 3:1, 24 h, and (f) THF/H2O,
3:1, 60 h. (g−l) Their corresponding AFM images.

Figure 9. 2D-GISAXS of the PPSNb-BuMH-12 (Janus-12, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 1:1, 14 h, (b) THF/H2O, 1:1, 24 h, (c) THF/H2O, 1:1, 48 h, and (d) THF/H2O, 1:1 60 h. (e−h) Their corresponding AFM images
and (i−l) their respective GISAXS intensity cuts along the horizontal qy direction taken around the Yoneda band.
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The Janus BBCP samples described above with different PS
and oligosaccharide branches have an overall DP of 25. In
order to investigate the effect of a longer backbone on the self-
assembly behavior, two additional Janus BBCP samples with
the same PS branch (Mn

PS = 1.6 kDa) but different
oligosaccharides (MH or MT) (Janus-10 & 11, Table 1) and
their thin films were annealed in similar conditions as
mentioned above. The results of the self-segregation of these
samples in their thin films, prepared in an identical
environment as described above, are shown in Figures 7 and 8.
It is apparent from their 2D-GISAXS scattering profiles and

AFM images that nearly identical results were obtained as for
their shorter homologues (Janus-02 and 04). As is clear from
Figure 7, lower morphological organization order was observed
with the system having an MH branch (Janus-10) as compared
to its smaller backbone counterpart (Janus-02, Figure 4),
probably due to low mobility of BBCP with a longer backbone
due to entanglement and stronger hydrogen bonding offered
by MH. Conversely, nicely ordered in-plane HEX cylinders
were obtained when MH was replaced by MT in Janus BBCP
(Janus 11, Table 1), similar to its lower DP analogue (Janus
04, Figure 6), probably due to less resistance to mobility and
hydrogen bonding offered by smaller MT. Additionally, an
identical trend in morphological organization in different
THF/H2O solvent was observed. The clear splitting of the
primary scattering peak in the 2D-GISAXS pattern and the
appearance of dots in the AFM image of the sample exposed to

the 3:1 THF/H2O solvent environment for 60 h indicate the
order−order phase transition, similar to the low DP counter-
part.
Finally, the self-assemblies of the Janus BBCPs with

intermediate molecular weight of PS branch (Janus 12, Table
1, Mn

PS = 3 kDa) were also investigated with an additional
annealing time at 48 h, keeping all the conditions identical as
described above. The 2D-GISAXS patterns and corresponding
AFM phase images for the samples annealed in a 1:1 THF/
H2O environment for 14−60 h are shown in Figure 9. The
analysis of 2D-GISAXS patterns and the appearance of Bragg
rods at the 1:√3:2:√5:√7 relative position with respect to
primary scattering peaks along the Yoneda band elaborate the
presence of hexagonally packed cylinders normal to the surface
for the samples exposed to a 1:1 THF/H2O solvent vapor
environment for 14−48 h (Figure 9a−c,i−k). As previously
observed, the periodic organization improves with annealing
time, which is also corroborated by the corresponding AFM
images (Figure 9e−g). The nature and trend toward a higher
degree of ordering, however, changes when extending the
annealing time to 60 h. The decrease in the scattering intensity
of higher order peaks corresponding to HEX morphologies and
the appearance of a new pattern at the 1:√4/3:√2:√3:2
relative position with respect to primary scattering peaks along
the Yoneda band suggest the formation of the BCC
morphology. This order−order phase transition was also
confirmed by the presence of peaks at the 1:√2:√5 relative

Figure 10. 2D-GISAXS of the PPSNb-BuMH-12 (Janus-12, Table 1) thin films annealed in different solvent vapor compositions and times: (a)
THF/H2O, 3:1, 14 h, (b) THF/H2O, 3:1, 24 h, (c) THF/H2O, 3:1, 48 h, and (d) THF/H2O, 3:1 60 h. (e−h) Their corresponding AFM images
and (i−l) their respective GISAXS intensity cuts along the horizontal qy direction taken around the Yoneda band.
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position in the GISAXS intensity cut along the qz direction
extracted at qy*(Figure S12). Additionally, the domain size of
the nanofeatures increases from 14 to 15.4 nm (1.1x HEX)34

by increasing the annealing time from 48 to 60 h, which also
supports HEX�BCC phase transition.
When Janus-12 BBCP thin films were annealed in a 3:1

THF/H2O solvent mixture atmosphere, perpendicularly
oriented cylinders were observed at 14−24 h annealing time,
as revealed by 2D-GISAXS patterns and intensity cuts profile
along the Yoneda band in the qy direction (Figure 10a,b,i,j).
The orientation order improves with annealing time, as also
indicated by their corresponding AFM images (Figure 10e,f).
The splitting of primary scattering into two at the 1:1.08
relative peak in the 2D-GISAXS patterns of the thin films
annealed for 48 h is typical of FCC morphology, which
indicates the intermediate stage of transition from HEX�
FCC, as scattering peaks dedicated to HEX morphology are
still present. This early start in transition as compared to the
1:1 THF/H2O solvent mixture is due to rapid swelling of PS in
the THF-dominant environment. The dramatic decrease in
scattering intensity of higher order peaks and appearance of
Debye−Scherrer rings in the 2D-GISAXS profile (Figure
10d,l) for the sample annealed at 60 h indicate the random
orientation or start of disordering in periodic structures, which
is also corroborated by the presence of disarray features in the
AFM image (Figure 10h).
Although the conventional solvent annealing process as

described above is easy to perform, does not need any
sophisticated instrumentation, and could be started in a beaker,
it is time-consuming and probably not good for large-scale
industrial application. In order to accelerate the annealing
process, our group reported a fast-ordering method, termed
HTSVA, and showed that the HTSVA provided an ideal binary
solvent vapor environment at a high temperature using
microwave energy that achieved the self-assembly of linear
MH-b-PS in 1 s.32 The HTSVA when applied on Janus BBCPs
in identical solvent mixtures as described, well-defined,
periodic nanofeatures were obtained in only 1 min (Figures
11 and S13, 14).
As is clear from 2D-GISAXS patterns and their correspond-

ing AFM images, identical self-assemblies were obtained in 1
min using HTSVA at 160 °C using μ-wave energy, which were
otherwise achieved in 14−60 h using the conventional solvent
annealing approach. The periodic organization could be further

improved by playing with the annealing time and THF/H2O
solvent environment.
From the above results, it is clear that in-plane morphologies

are achieved with a low molecular weight PS block (1.5−2
kDa) due to preferential wetting of the hydrophilic substrate
with carbohydrate segments of BBCPs, which is a common
phenomenon where the incompatibility between two compo-
nents of the block copolymers is high (high χ block
copolymers). As the molecular weight of the PS increases
(3−5.5 kDa in this case), the carbohydrate segments become
increasingly confined, preventing their preferential wetting of
the hydrophilic substrate and leading to an out-of-plane
structure.

■ CONCLUSIONS
In summary, we successfully synthesized high χ PS-branch-
Oligosaccharides Janus-type bottle brush copolymers with
varying compositions and degrees of polymerization with
narrow dispersities using an original, simple, and scalable
approach. These Janus-type BBCPs self-segregate to give
longer range order, ultrasmall periodic nanodomains down to
sub-5 nm, under SVA. The orientations of nanofeatures
depend upon the molecular weight of PS side chain for a given
oligosaccharide branch. The out of plane cylindrical
morphologies are obtained for 3 and 5.5 kDa and horizontally
oriented cylinders were observed for lower molecular weight
(1.5−2 kDa) PS side chains while using MH as another branch
in Janus BBCPs. A very fast ordering (in 1 min) was obtained
under HTSVA using microwave energy as compared to
conventional solvent annealing at room temperature (14−60
h). The transition from HEX to cubic morphologies took
place, when thin films were exposed to a 3:1(wt/wt) THF/
H2O SVA system for 48−60 h due to preferential swelling of
PS by THF-rich solvent vapors, which result in the change of
volume fraction of the copolymers, which should be
responsible for this order to order transition. Here, we have
focused our effort on carbohydrate materials, using at least one
moiety as a side chain; otherwise, our versatile approach could
be easily used to prepare Janus BBCPs in only two steps, which
make it the simplest way to produce Janus BBCPs ever
reported.
Additionally, this strategy could be applied to diverse

polymer systems. Finally, the domain size in our original Janus-

Figure 11. 2D-GISAXS profiles of Janus BBCP thin films annealed using HTSVA at 160 °C for 1 min in a 1:1 (wt/wt) THF/H2O mixture solvent
atmosphere. (a) Janus-01, Table 1, (b) Janus-02, Table 1, (c) Janus-03, Table 1, (d) Janus-04, Table 1, (e) Janus-10, Table 1, (f) Janus-11, Table 1,
and (g−l) their AFM images.
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type BBCPs system could be further reduced by further
decreasing the PS molecular weight and replacing MH and MT
with lower molecular weight carbohydrate such as maltose and
glucose.
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