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Block copolymer self-assembly is a powerful tool for two-dimensional

nanofabrication; however, the extension of this self-assembly concept

to complex three-dimensional network structures is limited. Here we
reportasimple method to experimentally generate three-dimensional
layered mesh morphologies through intrinsic molecular confinement
self-assembly. We designed triblock bottlebrush polymers with two Janus
domains: one perpendicular and one parallel to the polymer backbone. The
former enforces alamellar superstructure that intrinsically confines the
intralayer self-assembly of the latter, giving rise to a mesh-like monoclinic
(54°) M® network substructure with excellent long-range order, as well as
atetragonal (90°) T*' mesh. Numerical simulations show that the spatial
constraints exerted on the polymer backbone drive the assembly of M® and
yield T®'in the strong segregation regime. This work demonstrates that
intrinsic molecular confinement is a viable path to bottom-up assembly of
new geometrical phases of soft matter, extending the capabilities of block
copolymer nanofabrication.

Classical block copolymer self-assembly enables access to a range
of well-known and useful ordered nanostructure geometries, such
as spheres, cylinders (CYL), gyroids (GYR) and lamellae (LAM)"">.
Nevertheless, there remains a large gap between the simple patterns
commonly formed by block copolymers and the patterns required
for many nanoscale applications. For example, single- and multilayer
mesh nanostructures, which are defined as overlaid parallel lines with
different orientations (Fig. 1f), are of particular interest in a range of
technologies, such as photonic materials, superhydrophobic coatings,
flexible electronics and cross-point devices®'%; their fabrication, how-
ever, hasbeenalong-standing challenge. For single-layer nanomeshes,
state-of-the-art techniquesinclude successive shear or laser alignment
of two CYL layers'"* as well as directed self-assembly of CYL or LAM

layers on topographically patterned substrates with post arrays or
trenches”®"*"; for multilayer nanomeshes, all the current techniques
require repetitive layer-by-layer overlay steps”>'*. Thus far, a simple,
straightforward fabrication process through ‘bottom-up’ macromo-
lecular design rather than ‘top-down’ pre- or post-treatments has not
been demonstrated.

Addressing this challenge is no easy task: conventional block
copolymer phase diagrams offer few opportunities for the formation of
ordered three-dimensional (3D) continuous network phases. Without
constraintsin any direction in space, unconfined microphase separa-
tiontendsto give cubic-symmetric networks, amongwhich GYRisthe
most frequently observed, although rarer diamond and primitive cubic
have also been reported”'®. The only exception among the reported
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Fig.1| Fabrication of multilayer nanomeshes based on intrinsic molecular
confinement self-assembly of triblock JBBCPs. a, Schematic of the synthesis
of triblock JBBCPs by sequential ring-opening metathesis polymerization
(ROMP) of the C (red) macromonomer and then the branched A (yellow)-B
(blue) macromonomer. b,c, Ball-and-stick model (b) and mathematical space-
filling model (c) for an M* network (monoclinic C2/c, space group 15) unit

cell. d, Formation of the M® substructure is driven by the intrinsic molecular
confinement from the LAM superstructure. €, The M®-in-LAM hierarchical
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structure formed by the combination of superstructure and substructure from
the self-assembled triblock JBBCP. f, Schematic of the fabrication procedures for
multilayer nanomeshes. The flat silicon substrate is surface functionalized with a
C-wetting layer (i) onto which a thin film of triblock JBBCP is spin coated (ii). The
disordered mixture in (ii) is then annealed by a solvent vapour, first with a high
vapour pressure to produce a LAM superstructure (iii) and then with alowered
vapour pressure to generate long-range ordered mesh-like M substructures in
each superstructure layer (iv).

equilibrium network phases is 07 (orthorhombic Fddd, space group 70)
as a single network of relatively low symmetry”~' (Supplementary
Figs.4aand 5a), butits phase regionis narrow becauseits formationis
associated with the instability of the GYR phase at the GYR/CYL bound-
aryinthe weak segregation limit®. Its derivative structure, 0% (Pnna),
was reported as a non-equilibrium phase stabilized by shear”**,
Given that the mesh structures are anisotropic networks, their
formation requires symmetry breaking. We gained inspiration from
our previous studies on directed self-assembly, where nanoscale topo-
graphical constraints yield emergent symmetries®*, and considered
whether analogous confinement could be intrinsically achieved via
(macro)molecular design, noting that the study of low-symmetry net-
work phases under confinement at the molecular level remains unex-
plored. Although non-network, comparatively simple nesting X-in-Y

(X,Y=LAM, CYLandsoon) morphologies havelongbeenpredicted and
observed for linear ABC terpolymers®*?, the inability to decouple the
substructure (X) and superstructure (Y) formation greatly complicates
the exploration of alarge parameter space.

Here we introduce an ‘intrinsic molecular confinement’
self-assembly strategy that overcomes these challenges. Using our
multiblock Janus bottlebrush copolymer (JBBCP)>***° architectures,
we achieve multilayer nanomesh structures where hierarchical X-in-Y
self-assembly gives microphase-separated sub- and superstruc-
tures (Fig. 1a), each of which can be independently tuned. Using a
suite of experimental characterization methods and dissipative
particle dynamics (DPD) simulations, we show that roughly in the
same phase region as the GYR structure produced by unconfined
self-assembly, intrinsic molecular confinement provides access to a
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mesh-like low-symmetry network with a 54°included angle that proved
to be an M¥ phase at equilibrium (monoclinic C2/c, space group 15;
Fig.1b,c), which has not been reported before in soft materials, to the
best of our knowledge. Moreover, the intrinsic molecular confinement
self-assembly approach (Fig. 1c-e) can produce large-scale, highly
ordered single- or multilayer M®-in-LAM patterns with a sub-10-nm
half-pitch on baresiliconsubstrates through asimple solvent annealing
step, without the need for specialized substrates™ or low-throughput
templating techniques such as electron-beam lithography®>*'. Finally,
a metastable network substructure, which is yet another mesh-like
network but witha 90° included angle and tetragonal symmetry, was
experimentally achieved; it was predicted to be thermodynamically
stable only in the strong segregation regime by DPD simulations and
identified as T*' (tetragonal P4,/mmc, space group 131). These results
pioneer intrinsic molecular confinement self-assembly as a new con-
cept for the fabrication of complex soft materials.

Molecular design and synthesis of triblock
JBBCPs

Triblock JBBCPs with the general formula (A,-branch-B,),-block-(C,),
were synthesized and characterized, where A = polydimethylsiloxane
(PDMS) with a number-average molar mass (M,) of x=5.0 kg mol™,
B = polystyrene (PS) with varied M, (y) and C = poly(lactic acid) (PLA)
with M, of z= 6.3 kg mol™; here mand nare the number-average degrees
of polymerization of the A-branch-B and C domains, respectively (Meth-
ods provides the synthesis details). These JBBCPs are designed such
thatasubstructure forms through the microphase separation of Aand
B normal to the JBBCP backbone, which is intrinsically confined by a
superstructure formed from the microphase separation of the
A-branch-B domains from the C domain (Fig. 1a). Larger side-chain M,
values compared with previously reported triblockJBBCPs*’ were tar-
geted to (1) facilitate access to the network phase region by finer con-
trol over the volume fractions; (2) obtain larger feature sizes (10" nm,
the resolution limit of electron microscopy for polymer materials),
which can facilitate direct imaging characterization; and (3) drive
stronger microphase separation, which provides a wider window for
annealingand avoiding order-disorder transitions®. The substructure
morphology was explored by varying the volume fraction of A in the
A-branch-B domain (f,") from 0.3 to 0.5, which was achieved using
y=4.6,6.9,8.2,9.2and 10.3 kg mol™. The effect of the superstructure,
which confines the substructure, was examined by varyingmand n. A
complete list of the synthesized triblock JBBCPs is provided in Sup-
plementary Table 1. For simplicity, we refer to these samples as Ty, .,
where T represents triblock, the following digits indicate the M, value
of B (in units of kilogram per mole) and the subscript indicates the
backbone degrees of polymerization. For example, T6.95,.,, has the
following composition: (PDMS _1-branch-P56_9 ke mol—l)zo'block'

5.0 kg mol
(PLA

6.3 kg mol_l)so'

Single- and multilayer nanomesh pattern
formation

With these samples in hand, intrinsic molecular confinement
self-assembly was investigated following the fabrication steps out-
lined inFig. 1f, with results from T6.95.;, described here as an example.
First, a thin film of T6.9;,.;, was spin coated onto a silicon substrate
grafted with aC-homopolymer brush, the latter of whichis required to
orienttheJBBCP superstructure parallel to the substrate by removing
surface diffusion barriers® and lowering the surface energy of the C
domain®*. Without this surface functionalization, the orientation of
the superstructure was poorly controlled (Supplementary Fig. 17b).
Next, gradient solvent annealing in chloroform vapour was performed
(Fig.1c-e), where the swelling ratio of the film was controlled by nitro-
gen flow in a reservoir system (Methods)*. The films were first sub-
jectedto ahigh degree of swelling for 30 min to anneal and orient the
confining superstructure, which was observed by scanning electron

microscopy (SEM) tobe horizontal LAM, as expected (Supplementary
Fig.17e). In the course of this process, we noticed an unusual mesh
network substructure, but it did not display long-range order due to
the weak segregation of the A and B domains under these conditions®
(Supplementary Fig.17c). Thus, to further drive the assembly of this
substructure, we exposed the sample to subsequent reduced swell-
ing annealing conditions for various times. Strikingly, this process
produced reasonably ordered mesh substructures within 5 min (Sup-
plementary Fig. 20), which improved further as the annealing time
increased (Supplementary Fig. 17d). Ultimately, micrometre-scale
ordered mesh network grains were obtained after 2 h (Fig. 2a and Sup-
plementary Fig. 21). In contrast, such high-quality patterns could not
beachieved by non-gradient annealing, that is, using the same swelling
conditions throughout (Supplementary Fig.19). Reactiveion etching
(RIE; Methods) was used to remove the B and C (PS and PLA, respec-
tively) domains and retain the mesh-forming A block by oxidizing the
PDMS (ref. 33). Fast Fourier transform of the top-view SEM images of the
films prepared from T6.9;.5, (Fig. 2a, inset) revealed a mesh network
patternwithanincluded angle of 54° and aline spacing of 17.5 nm. This
simple and spontaneous formation of well-ordered meshes separated
by superstructure layers contrasts with the sequential multistep overlay
methods used previously to form nanoscale mesh structures”>>'¢,

Given that the super- and substructure formation are indepen-
dently controlledin this system, the number of mesh-patterned layers,
thatis, the number of horizontal lamellae of the superstructure, can be
arbitrarily tuned by simply adjusting the spin-coated film thickness.
Examples of the formation of single- to four-layer nanomesh patterns,
as evidenced by cross-sectional views, are shown in Fig. 2d-g. The
number of layers can keep increasing as needed (Supplementary Figs.
32 and 33), although micrometre-scale-thick films require a longer
annealing time (around 4 h in total). Remarkably, even a multilayer
mesh pattern with as many as 50 layers could be easily fabricated using
this method (Fig. 2h and Supplementary Fig. 31), a daunting task by any
other nanofabrication technique.

For multilayer nanomeshes, angled etching was employed to cre-
ate terraces on the thin-film surface”, confirming that the mesh was
presentinthelower layers (Fig. 2c). High-power CF,/O, RIE reveals the
internal morphology®® (Supplementary Fig. 34). Cross-sectional SEM
images (Fig. 2i-k) show patterns characteristic of the M* network
structure (Fig. 2I-n) throughout the film.

Identification of the M* network structure

We identified the mesh-like substructure as an undiscovered
low-symmetry monoclinic M* network phase (M, monoclinic; space
group15or C2/c), despiteits cuboidal unit cell (Fig. 1b,c; Supplementary
Data 1 provides the 3D models). Although M* shares some similari-
ties with the reported orthorhombic O Fddd phase'**in terms of its
network connectivity and appearance of certain projections (Sup-
plementary Figs. 4 and 5; Supplementary Information provides more
details), M* and 07’ show disparate symmetries and phase behaviours,
asdescribed below. One way of visualizing the complex network struc-
tureistoviewitas ABA-stacked layers of parallel lines that are twisted
atanangle (Supplementary Fig. 6a). This organizationis evident from
the top surface of the cross-sectional SEM images, which display unidi-
rectional parallel line patterns (Fig. 2d-h). Notably, these lines are not
straight, but rather wavy in the out-of-plane direction (that is, the caxis
of the lattice), forming hexagonally packed round holes as observed
fromthe side (Fig. 2k,n). The ‘twist angle’, or the included angle 8 of the
nanomesh, is dictated by theratio of the lattice parameters aand b, with
6=2arctan(a/b).Free-energy arguments analogous to those made for
07° phase stability** as well as our DPD simulations (Supplementary
Fig.43) suggest a preferential ratio of a:b =1:2,in good accordance with
the 54° angle observed in experiments (Fig. 2a). The mesh-like (001)
plane of the MP substructure was found to be exclusively parallel to the
LAM superstructure (Supplementary Fig.17b,d), probably due to the
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Layer 2

Fig.2|SEMimaging of the multilayer nanomesh structures. a, Top view of a
micrometre-scale long-range ordered 54° mesh network with an interline spacing
of17.5 nm (the top-right inset shows the fast Fourier transform). Its full-scale
image is shownin Supplementary Fig. 21. The other inset is the top projection of a
mathematical model for the M network shown at higher magnification. b, Top
view of a coexistent 90° mesh network with the same interline spacing, taking up
2% of the total area (full-scale image is shown in Supplementary Fig. 21). ¢, Top
view of the terraced region after angled etch, showing the mesh networks in two

different layers, which exhibit no interlayer correlation. d-h, Cross-sectional
views of single-, two-, three-, four-, and 50-layer nanomeshes, fabricated from
thin films of different thicknesses. i-n, Cross-sectional views of the nanomeshes
(i-K), showing features in agreement with [110] (1), [110] (m) and [100] (n)
projections of the M™ model, respectively. All the pictures were from the
self-assembly of T6.9;, .5, thin films after RIE, showing bright A blocks (that is,
oxidized PDMS). Scale bars, 100 nm.

polymer backbone configuration at the interface with the C domain
(discussed in the next section), but the in-plane orientation of the M"
substructure was random, resulting in grains with various appearances
inthe cross-section (Fig. 2i-k).

Unfortunately, the analysis of the network substructure through
scattering or diffraction techniques is not possible, as the substructure
isnot 3D periodic but sandwiched and confined by the LAM super-
structure without interlayer correlations (Fig. 2c and Supplemen-
tary Fig. 44). This ‘slicing effect’ is clearly observed in the fast Fourier
transform of a simulated M™-in-LAM structure, showing severe peak
broadening and loss of information compared with that of a bulk M®
structure (Supplementary Fig. 25). Indeed, peak broadening was
observed in the experimental small-angle X-ray scattering profile
of the solvent-annealed T6.9;,.;, sample (Supplementary Fig. 48).
Therefore, directimaging techniques were necessary to characterize
the network substructure.

The top (Fig. 2a) and cross-sectional (Fig. 2i-k) views of the SEM
images show qualitative agreement with the [001], [110], [110] and [100]
projections of the M® model (Fig. 2a (inset) and Fig. 21-n). A tilted view
is shown in Supplementary Fig. 26. Although RIE slightly reduces the
out-of-plane dimensions, we have previously found that etched sam-
ples provide a high-fidelity rendition of the original microdomain
features®. Nevertheless, as acomparison, unetched thin-film samples
were sectioned by afocused ionbeam and imaged by high-angle annu-
lar dark-field scanning transmission electron microscopy, showing
clearer but similar cross-sectional patterns (Fig. 3aand Supplementary

Figs. 28 and 29) versus SEM. Scanning transmission electron micros-
copy (STEM) imaging of unetched single-layer nanomeshes fabricated
onasilicon nitride membrane substrate exhibited a top view that was
similar to the SEM images (Fig. 3h), although the interpretation of the
STEM projections is less straightforward (Supplementary Figs. 29
and 30). The 3D tomography measurements of the sample (Fig. 3a)
elucidate thestructural features (Supplementary Video1). The recipro-
cal space pattern of the substructure clearly confirms its monoclinic
symmetry (Supplementary Fig. 24g-i), and the reconstructed
real-space 3D geometry (Fig. 3b—d and Supplementary Video 2) closely
resembles the mathematical model of the M* substructure (Fig. 3e-g
and Supplementary Video 2).

A possible mechanism for M* phase formation
We hypothesized that the M substructure and its preferential inter-
facial (001) orientation formed in the A-branch-B domain are uniquely
made possible through intrinsic molecular confinement imposed by
the C domain and theresulting superstructure. To test this hypothesis,
we synthesized an A-branch-B diblock JBBCP (ref. 5) (PDMS, kg mol”
-branch-PS g\, 110130 (D6.930) with the same chemical composition
asthe A-branch-B domain of T6.9;,.;,and solvent annealed this polymer
under the same conditions as T6.9;,.;,. Interestingly, this diblock JBBCP
forms a cubic-symmetric GYR morphology instead of M™ (Fig. 4a,b),
strongly supporting our hypothesis.

This difference—M" morphology for an intrinsically confined
triblock JBBCP versus GYR for an unconfined diblock variant—was
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Fig. 3| STEM imaging and tomography evidence for the M* substructure.

a, STEM imaging of an unetched, focused-ion-beam-cross-sectioned T6.95q.30
thin-film sample. b-d, Volume rendering of the 3D tomography reconstruction
for the substructure network from the same sample asin a. e-g, Mathematical

model for the M™ network viewed from the same angles as b-d (e-g),
respectively. h, STEM plain view of the unetched single-layer nanomeshes
fabricated from T6.9;4.5, 0n asilicon nitride membrane substrate.
Scalebars, 50 nm.

explored further using areparametrized DPD model*° (Methods). With
asensible choice of the modelling parameters, we were able to repro-
duce the GYR (Fig. 4c-€) and M®-in-LAM morphologies (Fig. 4g—jand
Supplementary Figs. 43 and 44) of diblock and triblock JBBCPs respec-
tively, supporting our experimental interpretation. The DPD model was
also successful in explaining the non-uniform thicknesses of the LAM
superstructure for the triblock (Fig. 3a) withincommensurate height
restrictions, that is, when the total thickness is not exactly an integer
multiple of the equilibrium LAM spacing (Supplementary Fig. 51).

As a particle-based approach, the DPD model offers insights
into the geometry of individual polymer chains. Interestingly, the
backbones of the simulated GYR-forming diblock JBBCP were found
to be rather more coiled at the three-way nodes (Fig. 4e) thanin the
interconnecting struts (Fig. 4d), similar to a previous conclusion
from the simulation of linear diblock copolymers known as packing
frustration®. For the corresponding triblock JBBCP with the same
A-to-B volume ratio (that is, f,(diblock) = f,(triblock)), the presence
of the LAM superstructure requires that the ends of the backbones
in the A-branch-B domain must be pinned at the interface, making it
difficult for these backbones to bend toaccommodate the node struc-
ture. Thisintrinsic molecular confinement resultsinamore extended
configuration of the backbones for the triblockJBBCPs (Fig. 4h—jand
Supplementary Fig. 50) and globally stabilizes the M" phase over GYR.
These results reflect a strong effect of the molecular-level backbone
geometry on the final mesoscale morphology: coiled backbones
produce a more curved GYR morphology, whereas rigid, extended
backbones create sharper junctions and give rise to an M” phase with
straighter network struts.

Phase diagrams of di- and triblock systems
Toidentify the phase region for the M® structure, the intrinsic molec-
ular confinement self-assembly of triblock JBBCPs with different f,”
values and backbone degrees of polymerization (thatis, mand n) were
compared with the corresponding unconfined diblock JBBCPs Dy, (a
diblock with B-branch M, of y kg mol™ and abackbone degree of polym-
erization n). A complete list of the tested samples is shown in Supple-
mentary Table1.Forallmand ntested, the observed superstructures for
triblockJBBCPs were LAM due to therigidity of the poly(norbornene)
backbone*; the backbone degree of polymerization had little impact
onthefinal morphologies (Supplementary Figs.37-39),inaccordance
with previous observations®?.

Next, the morphology as a function of the volume fraction
fa(diblock) or f,'(triblock) was studied (Supplementary Figs. 36-40);
the results are summarized in Fig. 4f. The effective volume fraction in
aswelled filmvaries with the solvent annealing condition; therefore, a
quantitative model**was applied to account for this effect (Supplemen-
tary Fig. 8, Supplementary Table 2 and Supplementary Information).
Constructed from these effective volume fractions, the experimen-
tal and simulated (Supplementary Figs. 41 and 42) phase diagrams
quantitatively match well with each other (Fig. 4f), that is, they share
roughly the same phase regions for each phase, indicating that the
phasebehaviour canbe generalized for different chemical blocks. More
importantly, both show aone-to-one mapping between the diblock and
triblock phase regions. For the triblockJBBCP discussed in this paper,
the M® substructure phase emerges at an effective f,’ value of 32% and
endsat~-39%, conforming well with the GYR phase region of the diblock
JBBCP. The polymers withf,” <32% or f,” > 39% showed CYL-in-LAM or
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Fig. 4| Comparison of the networks and phase diagrams between di- and
triblock JBBCPs. a,b, Top and cross-sectional SEM images of the GYR-forming
D6.9;, thin film. Scale bars, 100 nm. ¢, DPD-simulated GYR structure for a diblock
JBBCP withf, =33%. d,e, Two typical configurations of macromolecules, where
the backbones are shown in grey, and the A and B branches are shown as yellow
and blue dots, respectively. The strut-forming backbones are extended (d) and
the node-forming backbones are coiled (e). f, Experimental and simulated phase
diagrams for di- and triblock JBBCPs, showing a one-to-one mapping

D10.3,/ ~ D9.2,/ D8.2,/
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D6.9,/  D4.6,/ oYL
* T6.9,,, o T4.6,,, C Gniam
f 15 LAM .
G Gyroid Ml MP-in-LAM Cin-LAM)

relationship. In particular, the phase region of the M" network substructure
matches well with that of GYR. The morphology of each data pointis shownin
Supplementary Figs. 36-42.g, DPD-simulated M"-in-LAM structure for a triblock
JBBCP withf,”=33%. h-j, Typical configurations of macromolecules
corresponding to the [100] (h), [110] (i) and [110] (j) projections of the M*
network, where the backbones are extended and showningrey, and the A,Band C
branches are showninyellow, blue and red, respectively. In all the DPD-simulated
structures (c-e and g-j), the space filled by the B block is removed for clarity.

LAM-in-LAM hierarchical morphologies (Supplementary Figs. 40 and
36, respectively), as reported elsewhere”. It is noteworthy that the M¥
phase regionis wide and overlapping with the GYR phase region, which
isfundamentally different from previously reported network phases,
such as 07°, which have narrow windows of stability and border the
GYRphase. This finding suggests that intrinsic molecular confinement
self-assembly can literally replace aknown phase of the classical block
copolymer phase diagram with anew phase.

The above studies utilized solvent annealing, and we found that
thermal annealing yielded qualitatively similar trends (Supplementary
Figs. 45-47), although with poorer order and sometimes mixed mor-
phologies, demonstrating that those phases areindeed thermodynami-
cally stable. Aninteresting phenomenon observed for both solventand
thermally annealed M"-in-LAM-forming samples was the coexistence
of the 54° mesh network (from the M” substructure) alongside a small
fraction ofa90° mesh network (Fig. 2b and Supplementary Figs. 22, 55
and 56). A detailed structural analysis was not possible given its rare
occurrence; however, we managed to capture a similar intermediate
state in the DPD model during its evolution (Supplementary Fig. 52),
indicating that it represents a metastable phase. This new tetragonal
T (P4,/mmc, space group 131) structure has a distinct network con-
nectivity compared with M" (Supplementary Figs. 4, 6 and 53 and Sup-
plementary Information) and can be described by a Schwarz ‘crossed

layers of parallels’ minimal surface. Furthermore, our DPD model
predicts a more energetically favourable T*! substructure than M if
the Flory-Huggins mixing parameter yNis greater thanacritical value
(Supplementary Fig. 54), suggesting that T*' might be experimentally
promoted under higher segregation conditions. Indeed, we observed a
larger fraction of T after thermal annealing (Supplementary Fig. 56),
where the effective y valueis larger without the interaction-screening
solvent molecules®.

The calculation of free energies under different Flory-Huggins
mixing parameters in DPD simulations provides another rationaliza-
tion of the emergence of these network phases in triblock JBBCPs.
Although an M® or T network could be obtained in simulations using
thediblock architecture (Supplementary Fig. 53), due to the existence
of a low-energy GYR phase, they could not be stabilized unless an
unusually high yNis set; consequently, they are completely missingin
experiments. In contrast, the intrinsic molecular-confinement-induced
destabilization of GYR in the triblock JBBCPs allows the formation of
these high-energy phases.

Conclusion

We have presented the self-assembly of atriblock bottlebrush copoly-
mer system, achieving the formation of a highly ordered multilayer (1- to
50-layer) mesh patternonaflatsilicon substratein asimple annealing
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process. The mesh substructure is anovel monoclinic M® network phase
and forms over arelatively wide compositional window, which roughly
matchesthe GYR phase region for its diblock counterpart. Simulations
reveal that the stabilization of this low-symmetry network phase is due
to the restrictions imposed on the geometry of the backbone at the
interfaces with the lamellar superstructure. This work offers not only
asimple solution for the fabrication of challenging 3D structures that
couldfacilitate manufacturing of nanoscale devices but also a path to
the discovery of other new network phases in soft-matter systems.
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tributions and competing interests; and statements of data and code
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Methods

Synthesis

The PLA macromonomer* Mg, , (M, = 6.3 kg mol™) and the PDMS-
PS branched macromonomers® M, (M, (PDMS) = 5.0 kg mol™, M,
(PS) =y kg mol™) used here were synthesized as reported in our pre-
vious works. The Grubbs’ third-generation bispyridyl initiator (G3),
(IMesH,)(py),Cl,Ru = CHPh, was synthesized according to procedures
in the literature*. All the reagents were purchased from commercial
suppliers and used without further purification.

Diblock JBBCPs were synthesized by graft-through ring-opening
metathesis polymerization (ROMP) using a slightly modified protocol®
(Supplementary Information). The synthesis of triblock JBBCPs with
backbone degrees of polymerization of m and n, (PDMS , -
-branch-PS,),-block-(PLA 5\, ;1) ., was carried out in 2 ml vials
equipped with Teflonstir bars. My, (0.030 x m pmol) was dissolvedin
anhydrous dichloromethane (DCM) in a glovebox under nitrogen
atmosphere, followed by the addition of astock solution of G3in DCM
(30 nmol) via a micropipette. The total volume of DCM added was
~40 pl. After 0.5 h, the reaction mixture was first diluted with 20 pl
DCM, followed by the addition of the second macromonomer M,
(0.030 x n pmol). The reaction was allowed to proceed for 5 min and
then the reaction mixture was further diluted with 40 pl DCM. After
furtherreaction for4 h atroomtemperature, the mixture was removed
fromthe glovebox and quenched with excess ethyl vinyl ether and then
dried, characterized and subjected to self-assembly without further
purification. A detailed description and discussion, as well as a list of
the synthesized samples and their characterization, are available in
the Supplementary Information.

Thin-filmsample preparation
TheJBBCPswere dissolved inchloroformand thenspin coated oneither
siliconsubstrates or Si;N, TEM grids (witha70-nm-thick nitride support
film acting as the window) to form films with thicknesses ranging from
20 nmto 2 pm. For triblock JBBCP samples, the substrates were surface
modified by My, ,, which was spun cast on the substrates, annealed
at 130 °C for 24 h and rinsed with toluene to remove the unreacted
material. In this process, the hydroxyl terminal group in Mp, , reacted
with the silanol groups at the substrate surface via thermally induced
dehydration®, leading to the formation of a PLA surface brush layer.

The thin films were solvent annealed in a closed glass chamber
withasolventreservoir of 2 ml chloroform. The solvent vapour pres-
sure and consequently the extent of film swelling (S;) were adjusted
by nitrogen flow through the chamber with the rate (gy,) ranging
from3t010 s.c.c.m. controlled by a mass flow controller. The Sy value
was monitored in situ by spectral reflectometry. The film was
quenched by removingthelid of the chamber and taking the sample
out of the chamber.

Typically, for triblock JBBCPs, the films were first annealed at
g, =3 s.c.c.m. (high chloroform vapour pressure and high Sy) for
30 min to anneal the superstructure and then at gy, =7 s.c.c.m. (low
chloroform vapour pressure and low Sg) for another 30 min to anneal
the substructure, unless otherwise stated. For diblock JBBCPs, which
donotformsuperstructures, no notable difference was found with or
without the first high-S; annealing step. The effective volume fractions
under this annealing condition are calculated based on the S value
using amodified model* (Supplementary Information).

RIE and SEM imaging

Thesilicon substrates withJBBCP films were cracked in liquid nitrogen.
The cracked edge of one half and the top surface of the other half were
reactiveion etched by an 8 s CF, plasma (15 mtorr pressure, 15 s.c.c.m.
gasflowand 50 W power) to remove the PDMS wetting surface layer and
thena30 s 0, plasma (6 mtorr pressure, 10 s.c.c.m. gas flowand 90 W
power) toremove the PS and PLA and oxidize the PDMS microdomains,
unless otherwise stated.

For multilayer mesh samples, inaddition to the surface morphol-
ogy, the internal morphology was investigated by angled etching® and
high-power etching®®. The terraced regions (Fig. 2c) were obtained by
coveringthe half of the sample, etching the other half with high-power
CF,/O,plasma(8s,10 mtorr,10 and 15 s.c.c.m. gas flow for CF,and O,,
respectively, 450 W), removing the cover, further etching the entire
sample accordingto the previous paragraph, and imaging the bound-
ary between these two regions. The morphology in even lower layers
couldbe observed by extending the time of high-power CF,/O, etching
or repeating this process.

The etched sample was then imaged using SEM at 3 or 5SkV.
The cross-sectional view was imaged by tilting the sample by 75°.

STEMimaging and tomography

The STEM samples for top-view imaging were made by spin coating on
anitride substrate and solvent annealing, as described above. To avoid
the overlapping of multiple mesh layers with different orientations, the
film thickness was controlled such that a single-layer mesh was formed.
The samples for cross-sectional imaging and tomography experiments
were made by afocused ion beam from anunetched thin-film sample on
asiliconsubstrate. The unetched sample was first sputter coated with
acarbon protection layer of ~40 nm. The thin-section specimens were
prepared using the lift-out method withafocused Au*beam operating
at35kVand then welded on a copper grid.

STEM imaging and tomography were performed with an
aberration-corrected Thermo Fisher Themis Z G3 60-300 kV instru-
ment operated at 200 kV. The high-angle annular dark-field images
were collected with a 50 pA beam current and a collection angle
range of 30-185 mrad. The convergence angle was set to 16 mrad for
static image acquisition or 12 mrad for tomography experiments for
increased depth of focus. The STEM tomography program (Thermo
Fisher) was used for tomography acquisition. The images were col-
lected at each degree of tilt between —45° and 60°. We stopped at —45°
because further increasing the tilting magnitude caused one end of the
sample membrane to block the beam. The 3D reconstruction of tomog-
raphy datawas carried out by the algebraicreconstruction technique.

DPD simulation

The simulations were carried out using the LAMMPS package*® with
graphics processing unit acceleration. All the simulations represent
a canonical (VVT) ensemble, and all the quantities are unitless in the
model, with the fundamental quantities such as mass, distance and
thermal energy k; T set to unity. DPDis a coarse-grained particle-based
simulation technique, which overcomes the time- and space-scale limi-
tationencountered in molecular dynamics simulations and is powerful
in tracking the morphology evolution*®. The triblock copolymer is
modelled as a series of beads representing the side chains and back-
bone, connected by linear harmonic bonds. We fixed the number of
backbonebeadsin the homo-C domain and thebranched A-B domain
to be m=n=20 and the number of C-branch beads N. =10, and we
varied the number of A-and B-branch beads ((N,, Np) = (3,7), (4, 8), (4,
7),(4,6)or (6, 6)) to quantitatively tune the volume fractions (f,’ =30%,
33%,36%, 40% or 50%, respectively). The time evolution of the beads
is governed by Newtonian motion due to conservative, dissipative
and random forces, all of which are pairwise additive, short range
and cut at r,=1.0. In the reparametrized model*° used here, the bead
density was setto be p =5, the repulsion parameter for the same bead
type a; =15 and the harmonic bond potential was set with the spring
constant k® =50 and equilibrium distance r, = 1.0. To qualitatively
mimic the immiscibility between different types of monomer in this
system, we set DPD repulsive interaction parameters a,; = 22.5 and
a,c = agc = 26.0, unless otherwise stated. The relationship between
the repulsion parameters and Flory-Huggins parameter y between
two different beads is defined by equation a; = a; + 1.45y;. No interac-
tion was set between the backbone beads and side-chain beads; thus,
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the backbone beads were not included in the calculation of volume
fractions. To qualitatively mimic the stiffness of bonds in the backbone,
aquadratic angle potential between two adjacent bonds was applied,
namely, = KA - 6,)%, where K*is the potential constant, fis the angle
between two neighbouring bonds and equilibrium angle 6, was set to
be . Since the stiffness is dependent on the grafting density®’, we set
K*=1for the homo-C-domain backbone and k* = 2 for the branched
A-B-domain backbone.

The noise parameter ¢ was set to be 0.1 throughout the
12,000,000 simulation steps to find the stable morphology in the
NVT system. The DPD time step was fixed at 0.01, and the LAMMPS
default velocity Verletintegrator was used. Around 10% solvent beads
thatare neutraltoalltypes of bead were added to the system toimprove
the mobility of JBBCPs and avoid the formation of potential trapped
metastable states”. For the simulation of diblock JBBCPs, we set a
cubicsimulationbox with dimensions of L, =L, =1,=13; for triblocks,
tetragonal boxes were used with anin-planesizeof L, =L,=13,and the
height L, =24 or 46 was set to be commensurate with one or twolayers
of LAM superstructure. Periodicboundary conditions were appliedin
allthe three directions for all the simulations. More details of the DPD
setup, for example, the rationale for the choice of simulation param-
eters, are described in the Supplementary Information.

Data availability

Theraw datafor STEM tomography and 3D reconstructionis provided
in Supplementary Video 1. The LAMMPS input and output datasets
are too large to be shared publicly but are available from the corre-
sponding authors upon request. All other data needed to evaluate
the conclusions of this study are available within the Article and its
Supplementary Information.

Code availability
The code generated during this study is available via GitHub at https://
github.com/Z-H-Sun/IMCmesh.

References

43. Vohidov, F. et al. ABC triblock bottlebrush copolymer-
based injectable hydrogels: design, synthesis, and
application to expanding the therapeutic index of
cancer immunochemotherapy. Chem. Sci. 11,

5974-5986 (2020).

44. Sanford, M. S., Love, J. A. & Grubbs, R. H. A versatile precursor
for the synthesis of new ruthenium olefin metathesis catalysts.
Organometallics 20, 5314-5318 (2001).

45. Edwards, E. W., Montague, M. F., Solak, H. H., Hawker, C. J.

& Nealey, P. F. Precise control over molecular dimensions
of block-copolymer domains using the interfacial energy
of chemically nanopatterned substrates. Adv. Mater. 16,
1315-1319 (2004).

46. Thompson, A. P. et al. LAMMPS—a flexible simulation tool for
particle-based materials modeling at the atomic, meso, and
continuum scales. Comp. Phys. Comm. 271, 108171 (2022).

47. Brown, W. M., Wang, P., Plimpton, S. J. & Tharrington, A. N.
Implementing molecular dynamics on hybrid high performance
computers—short range forces. Comput. Phys. Commun. 182,
898-911(2011).

48. Hoogerbrugge, P. J. & Koelman, J. M. V. A. Simulating microscopic
hydrodynamic phenomena with dissipative particle dynamics.
Europhys. Lett. 19, 155-160 (1992).

Acknowledgements

J.A.J. acknowledges support from Eni S.p.A. through the MIT Energy
Initiative. C.A.R. and A.A.-K. acknowledge support from NSF DMREF
award 2118678. M.Z. acknowledges support from the NSF DMR award
2003875. This work was carried out in part through the use of MIT.

nano’s facilities and APS, a US Department of Energy (DOE) Office of
Science User Facility operated for the DOE Office of Science by Argonne
National Laboratory (contract no. DE-AC02-06CH11357). The shared
facilities of CMSE, NSL and MRSEC under award DMR1419807 were used.
We acknowledge the MIT Satori, the MIT SuperCloud, MIT Research
Computing Project and Lincoln Laboratory Supercomputing Center

for providing the high-performance computing resources that have
contributed to the research results reported here. We thank E. Cho and
A. Penn for help with STEM imaging and Y. Ouyang for helpful discussion.

Author contributions

Z.S., K.K. and B.L. synthesized the JBBCPs. Z.S., R. Liu and T.S. prepared
the samples. Z.S., R. Liu, T.S. and R. Liang conducted the structure and
property characterization. Z.S., R. Liu, H.H. and A.A.-K. conducted the
simulations. Z.S., R. Liu, M.Z., C.A.R. and J.A.J. conceived the idea. Z.S.,
C.A.R. and J.A.J. wrote the manuscript.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41565-022-01293-z.

Correspondence and requests for materials should be addressed to
Caroline A. Ross or Jeremiah A. Johnson.

Peer review information Nature Nanotechnology thanks
Maria Sammalkorpi and the other, anonymous, reviewer(s)
for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nhature.com/reprints.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
https://github.com/Z-H-Sun/IMCmesh
https://github.com/Z-H-Sun/IMCmesh
https://doi.org/10.1038/s41565-022-01293-z
http://www.nature.com/reprints

	Emergence of layered nanoscale mesh networks through intrinsic molecular confinement self-assembly

	Molecular design and synthesis of triblock JBBCPs

	Single- and multilayer nanomesh pattern formation

	Identification of the M15 network structure

	A possible mechanism for M15 phase formation

	Phase diagrams of di- and triblock systems

	Conclusion

	Online content

	Fig. 1 Fabrication of multilayer nanomeshes based on intrinsic molecular confinement self-assembly of triblock JBBCPs.
	Fig. 2 SEM imaging of the multilayer nanomesh structures.
	Fig. 3 STEM imaging and tomography evidence for the M15 substructure.
	Fig. 4 Comparison of the networks and phase diagrams between di- and triblock JBBCPs.




