Nanoscale

Nanoscale

Surface enrichment dictates block copolymer orientation

Journal: | Nanoscale

Manuscript ID | NR-ART-01-2023-000095.R1

Article Type: | Paper

Date Submitted by the

Author: 14-Feb-2023

Complete List of Authors: | Bae, Suwon; Brookhaven National Laboratory, Center for Functional
Nanomaterials

Noack, Marcus; Lawrence Berkeley National Laboratory, The Center for
Advanced Mathematics for Energy Research Applications

Yager, Kevin; Brookhaven National Laboratory, Center for Functional
Nanomaterials

SCHOLA

RONE™
Manuscripts




Page 1 of 11

Journal Name

ARTICLE TYPE

Nanoscale

Cite this: DOI: 00.0000/XXXXXXXXXX S u rfa ce

orientation’

enrichment

dictates block copolymer

Suwon Bae,® Marcus M. Noack,” and Kevin G. Yager*®

Received Date
Accepted Date

DOI: 00.0000/XXXXXXXXXX

Orientation of block copolymer (BCP) morphology in thin films
is critical to applications as nanostructured coatings. Despite
being well-studied, the ability to control BCP orientation across all
possible block constituents remains challenging. Here, we deploy
coarse-grained molecular dynamics simulations to study diblock
copolymer ordering in thin films, focusing on chain makeup,
substrate surface energy, and surface tension disparity between
the two constituent blocks. We explore the multi-dimensional
parameter space of ordering using a machine-learning approach,
where an autonomous loop using a Gaussian process (GP) control
algorithm iteratively selects high-value simulations to compute.
The GP kernel was engineered to capture known symmetries.
The trained GP model serves as both a complete map of system
response, and a robust means of extracting material knowledge.
We demonstrate that the vertical orientation of BCP phases
depends on several counter-balancing energetic contributions,
including entropic and enthalpic material enrichment at interfaces,
distortion of morphological objects through the film depth, and of
course interfacial energies. BCP lamellae are found more resistant
to these effects, and thus more robustly form vertical orientations
across a broad range of conditions; while BCP cylinders are found
to be highly sensitive to surface tension disparity.

1 Introduction

Block copolymer (BCP) self-assembly is a well understood pro-
cess, wherein chemical incompatibility between the constituent
blocks gives rise to nanoscale periodic structures.X The morphol-
ogy that appears depends on chain architecture. For diblock
copolymers (A-b-B), the morphology depends on chain compo-
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sition (the fraction of A material, f5); one observes the forma-
tion of lamellae (at fa ~ 0.5), as well as gyroid, cylinder, and
sphere nano-objects (for f progressively departing from 0.5).25
When confined to thin films, these arrays of nano-objects can
enable a host of applications, including for nanolithography,@'@
nanowire fabrication, nanoporous membranes,m] and as coat-
ings with tailored electrical,72 optical,»® and wettability:¥ prop-
erties. For thin film applications, control of morphology orienta-
tion is critical. Extensive research has thus gone into directing
orientation, including the use of solvent annealing,[m[m polymer
architecture,m homopolymer blending, substrate rough-
ness, chemical patterns, thermal gradients, or thermal
history.2829 The most direct means of influencing BCP orienta-
tion is to control the energetics of the substrate through chemical
modification.2%35 In particular, a substrate with a balanced inter-
action with the A and B blocks is effectively neutral, preventing
preferential wetting of one block and thus promoting a vertical
morphology orientation (e.g. cylinders with long axes parallel to
the film normal). For instance, for polystyrene-block-poly(methyl
methacrylate) (PS-b-PMMA) thin films, substrates coated with
a random copolymer brush (PS-r-PMMA) can be used, where a
brush composition of = 0.5 yields vertical lamellae, while a com-
position of 0.3-0.4 (MMA content) is optimal for vertical cylinder
phases (fyma ~ 0.3).36137

Energetics at the free surface also play an important role
in BCP orientation. For instance, PS-b-PMMA orients verti-
cally most robustly when annealed close to T =~ 225°C, since
the temperature-dependent surface tensions of PS and PMMA
cross at this temperature, eliminating the preference for one
block to cover the free surface (which would reorient the mor-
phology to be horizontal).28#9 One can generally expect that
BCP materials with extremely different surface tensions (between
the two blocks) will be difficult to order vertically, whereas
materials with small surface tension differences should read-
ily form vertical morphologies. Correspondingly, the differ-
ences in self-assembly behavior observed for the many differ-
ent BCP materials that have been studied (which include PS-b-
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PMMA, 2741 pS_p_polyvinylpyridine,#2 PS-b-polyisoprene, 43 and
PS-b-poly(dimethyl siloxane)2M4445) must be due in part to the
different surface tensions. Despite the importance of surface ten-
sion disparity to BCP ordering, this property has not been studied
as carefully as other aspects of BCP thin films (such as segregation
strength and substrate energy). This may be due in part to the dif-
ficulty in experimentally varying surface tension in a systematic
way, without also modifying countless other material properties.

Molecular dynamics (MD) simulation, a common approach
for studying the behavior of polymers, 428 has been used with
great success to capture the ordering of BCP morphologies. 42722
Coarse-grained models allow one to probe fundamental ordering
phenomena, and uncover trends that are not tied to any partic-
ular monomer chemistry. Here, we use coarse-grained MD sim-
ulations to study the ordering and orientation of BCP thin films,
exploring the interplay between chain composition (fa), surface
tension disparity (a), and substrate energy (I'). By using an
abstracted (coarse-grained) model, we uncover the fundamental
way in which surface tension controls ordering, and in partic-
ular elucidate why opposite-tone materials (fa vs. 1 — fa) are
not equivalent. Since the model retains the notion of individual
chains, we are able to directly interrogate the polymer confor-
mation and chain distribution, and better understand energetic
tradeoffs.

Exploring the proposed multi-dimensional parameter space
could be challenging, especially considering the computational
cost of MD simulations. Exhaustive grid searches in high-
dimensional spaces are generally inefficient, as resources (in
this case, computational) are wasted measuring nearly-identical
systems, while areas of interest in the space (where behavior
changes rapidly) may be under-sampled. Naive search methods
do not take into account the complex interplay between param-
eters caused by the underlying physics. In the case of BCPs, a
plethora of inter-related parameters influence ordering. 292355
In this study, we deploy an autonomous experimentation (AE)
paradigm based on Gaussian process (GP) modeling to efficiently
select points in the parameter space for study.2® An autonomous
loop iteratively selects new simulations to perform based on the
structure of the evolving dataset. The underlying GP model is
designed to capture known symmetries of the problem, and as
it progressively retrains on accumulating data, provides increas-
ingly robust predictions for high-value portions of the parameter
space to investigate. GP automation of the exploration improves
search efficiency, while also yielding a final robust physical model
for the entire space (effectively interpolating and extrapolating
the available data).

2 Results and Discussion

To explore morphology orientation in BCP thin films, we deployed
coarse-grained bead-spring molecular dynamics to simulate di-
block copolymer (A-b-B) chains.®Z The initial state is a disor-
dered film sitting on a substrate, wherein the constituent chains
are mixed and randomly configured. Simulation consists of al-
lowing thermal annealing to proceed, wherein the blocks phase
separate locally, the chains self-assembly into a morphology, and
the morphology reorganizes into a preferred orientation. We ex-

2 | Journal Name, [year], [vol.], 1

plore the three-dimensional (3D) parameter space of chain com-
position, surface tension disparity, and substrate surface energy
(fa,o,I'). We conduct MD simulations at select points within the
space, compute structural metrics of interest (especially evalu-
ating the vertical fraction of the morphology, fv), and combine
all data into a predictive model for the entire space using Gaus-
sian process methods. We adopted an autonomous data acqui-
sition strategy (refer to Methods for details), by automating the
preparation and execution of MD simulations, analysis of resul-
tant morphological structures, construction of GP model, and se-
lection of subsequent simulation points. Selection of new points
exploits the GP model, and uses an objective function that bal-
ances between information gain (minimizing uncertainty so as to
explore the space) and focusing data in the transition region be-
tween vertical and non-vertical ordering (by targeting fy ~ 0.8 in
the GP surrogate model). This machine-learning procedure for
exploration and modeling efficiently reconstructs the physical be-
havior in the parameter space.

We begin by considering canonical vertical ordering of cylin-
drical and lamellar BCPs (Figure [I). Consistent with experi-
ment, %37 one observes a range of surface energy (I') for which
a given morphology is predominantly vertical (high vertical frac-
tion). The substrate is expected to be neutral when it establishes
balanced energetic contributions with the A and B blocks, when
accounting for the relative concentration of these two bead types.
A neutral substrate prevents preferential wetting of one block at
the substrate, and thereby allows a vertical morphology (where
both blocks are in contact with the substrate) to arise. For lamel-
lae (fa = 0.5) this vertical window is symmetric and centered
about I' = 0.5. For cylinder-forming material, this window is nar-
rower, and shifted to smaller I'. This is due to the different mate-
rial composition, fy = 0.25, but it is noteworthy that the center of
this vertical window does not coincide with the nominal compo-
sition. Our method for computing vertical fraction relies on the
projected maps of A and B material (refer to Methods and ESI
Figure S2), and is thus sensitive to both orientational disorder
and fluctuations of the A/B interblock interface. Even clearly ver-
tical morphologies (such as examples in Figure[1)) will yield verti-
cal fraction somewhat less than 1.0. Nevertheless, it is evidently
harder to orient cylinder materials vertically, as they are less tol-
erant to variations in I. The asymmetric shape of the cylinder
vertical window suggests additional parameters beyond I' play
a role in controlling structure formation. Observations such as
these motivate a more thorough investigation of the underlying
balance of forces that dictate whether a BCP orders vertically.

When considering the full 3D parameter space defined by chain
composition, surface tension disparity, and substrate energy, a
number of different kinds of behavior are observed (Figure .
As expected, there is a sharp phase boundary between the for-
mation of cylinder phases and lamellar phases (the latter appears
for 0.35 < fa < 0.65). There is a broad region of intermediate
surface energy for which one observes well-ordered vertical mor-
phologies (e.g. Figure[lTh & b, Figure[2p & d), whereas for highly
preferential substrates one instead observes horizontal morpholo-
gies (in-plane cylinders or lamellae layering in z direction). These
horizontal states may be accompanied by the formation of islands
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Fig. 1 Orientation of block copolymer morphologies in thin films depends strongly on the substrate’s surface energy. (left) Cylindrical (fa = 0.25,
purple curve) and lamellar (fa = 0.5, yellow curve) morphologies orient vertically across a small range of substrate energy (I'). The vertical window
for cylinder materials is shifted towards smaller T, consistent with chain composition, and is narrower (results are shown for materials with no surface
tension disparity, @ =0). Representative molecular dynamics snapshots for (a) cylinder and (b) lamellar materials are shown, where the minority block
A beads are depicted yellow, while the majority block B beads are purple and slightly transparent.
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Fig. 2 Morphology orientation (vertical fraction, fy, depicted using the color scale shown above) is studied throughout a three-dimensional parameter
space defined by chain composition, surface tension disparity, and substrate energy. Select MD simulation results from the space are depicted (a—d);
refer to ESI Figures S3-S10 for additional snapshots. The full 3D model is built using Gaussian process methods. Chain composition is varied
from asymmetric cylinder chains (f4 =0.25, C) to symmetric lamellar chains (f4 =0.50, L). Surface tension disparity (¢t) describes the difference in
self-cohesion of the two blocks; @ =0 yields a material where both blocks have the same surface tension, a > 0 indicates that the minority block
has higher surface tension (we refer to these as pBCP materials), and a < 0 indicates majority has larger surface tension (nBCP). Substrate energy
is defined to be consistent with the corresponding composition of a random copolymer brush, where I' < T™* exhibits preferential interaction with the

majority B beads.
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or holes on the free surface, to accommodate layering within an
incommensurate thickness (Figure ).58'60 At the boundary of
vertical ordering in the parameter space, one observes mixed ori-
entations and defective states (Figure ). The 3D space exhibits
known symmetries, which were embedded in the GP kernel to
improve model fidelity. In particular, ordering at (fa,a,I’) is nec-
essarily identical at (1 — fa,—o,1—1T), since a given BCP material
composition (fa) and its opposite (1 — fa) are the same material,
as long as one exchanges the energetics of the blocks."!! This point
symmetry can be easily seen in the fy = 0.5 slice (Figure [3). It
also allows us to focus on f5 < 0.5 without loss of information.

The trend as a function of surface tension bears particular
scrutiny. We define surface tension disparity () such that ¢ =0
indicates the two blocks have identical surface tension, o > 0 indi-
cates that the A (minority) material has larger surface tension (we
refer to these positive o materials as pBCP), and o < 0 thus refers
to materials where the B (majority) material has larger surface
(we refer to these as nBCP). For real BCP materials, o is deter-
mined by the selection of monomers for the two polymer blocks.
Both pBCP and nBCP materials are investigated experimentally,
with the former being more common. For instance, PS-b-PMMA
cylinders where the PMMA is the minority is pBCP (at typical an-
nealing temmperatures 7 < 220°), whereas the opposite-tone ma-
terial (PMMA majority) would be nBCP (the corresponding mor-
phology is referred to as inverse cylinders).2

Obviously for perfectly symmetric BCP chains (fa = 0.5), the
sign of a does not matter, and the space is correspondingly sym-
metric. The vertical window for lamellae is centered about I' =T,
since this is where the substrate interaction strength is identical
for both bead types. The window is wide, and remains so for
a broad span of o values (Figure 4 bottom). The robust verti-
cal ordering of lamellae is consistent with entropic arguments for
the vertical state being intrinsically more stable due to chain en-
tropy at interfaces (i.e. vertical is the preferred orientation when
surface enthalpy does not play a role).24 When looking beyond
symmetric lamellae (fa #0.5), what is immediately striking about
the trend with ¢ is the strong asymmetry (Figure[3)). At first, one
might assume that if a particular BCP material forms vertical mor-
phology, then the opposite material (1 — fa) will also form a ver-
tical state (as long as one selects the right surface energy). How-
ever, we find that it is much harder to form vertical morphologies
for nBCPs (narrow or non-existent vertical window) than the cor-
responding pBCPs (Figure[4] top). This asymmetry becomes more
pronounced for larger |a| (ESI Figures S11 and S12).

This behavior can be understood based on the relative volume
fractions of materials expressed at the free surface. For pBCP ver-
tical cylinders, a relatively small surface area of high surface ten-
sion minority material must be exposed at the free surface. For
nBCP cylinders, the majority (matrix) material is the high sur-
face tension component. Presenting a large surface area of high-
energy material naturally destabilizes this configuration. Thus,
simple volume fraction arguments explain the general phenom-
ena of nBCP materials being difficult to orient vertically. How-
ever, in both pBCP and nBCP cases, the ordering energetics could
be complicated by reorganization of the constituent BCP chains;
one would expect some local rearrangement of chains in order

4 Journal Name, [year], [vol.], 1

to minimize the amount of high surface tension material exposed
at the free surface. To probe this, we compute the density of
minority A material through the film depth (Figure[5). This data
clearly shows a depletion of A beads at the film surface for pBCPs,
with the extent of depletion scaling with a. One correspond-
ingly observes an increase in A beads in the interior of the film.
Cross-sections through the film confirm that this reorganization
in chains corresponds to a bulging of the morphological objects
(Figure |5| and ESI Figure S14), with vertical cylinders distorting
into shapes with larger midsection that taper towards interfaces.
The effect is less pronounced for lamellae, but here again one
observes bulging near the film midplane for larger o (Figure
& d). In the opposite regime of nBCP, one correspondingly ob-
serves a small enrichment of minority beads at the free surface,
and associated depletion from the film interior. The distortion of
morphological objects away from the bulk equilibrium shape nec-
essarily incurs an energy penalty. In order to maintain the vertical
orientation, this distortion energy must be sufficiently compen-
sated by other terms in the energy balance, especially the overall
chain entropy preference for vertical orientation,*# and a favor-
able substrate interaction.

Another important effect that could lead to chain enrichment
at interfaces is entropic segregation. Shorter polymer chains
are driven to interfaces, since the corresponding entropy loss
is smaller.®!! For asymmetric BCP chains, this could cause the
shorter chain end (minority beads) to accumulate near inter-
faces.°2 To probe this question, we consider the portion of the
parameter space where enthalpic effects are minimized, and thus
entropic effects dominate. The a = 0 slice (Figure [6) eliminates
disparity in the surface tension terms, and the associated interfa-
cial enrichment effects. Tracking the center of the vertical win-
dow (Figure Ek) follows the conditions where substrate interac-
tion energies are balanced. In this regime, one observes a distinct
enrichment of minority beads at the free surface, as fo becomes
smaller, supporting the hypothesis of entropic enrichment of the
minority component. This is consistent with prior work showing
that BCP chain architecture affects the entropic contribution to
orientation.1Z12H21

The position of the vertical window can now be rationalized.
To a first approximation, one might expect the vertical window
to follow I' ~ I'*, since this is where the interaction with the sub-
strate is identical for both bead types. While the neutral win-
dow is indeed centered around T'* for lamellae (fy = 0.5), it
deviates strongly from this trendline for other chain composi-
tions. Indeed, for decreasing fa along I' = I'* one observes a
conversion to horizontal orientation (as can be seen by layer-
ing of the density profile, Figure [6p). Of course, the shifting of
the vertical window to smaller I" for smaller f, is a consequence
of the relative concentration of bead types at the substrate in-
terface. With a larger fraction of B beads, the energy balance
can be improved by shifting to smaller I (emphasizing the con-
tribution of a stronger B-substrate interaction term). Based on
this argument, one might expect the vertical window to follow
I'~T*+(fa —0.5). However, this expectation does not take into
account the effects noted above. Thus, the actual position of the
neutral window—TI" ~ I'* +0.5(fa — 0.5)—is due to the local con-
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Fig. 3 Select slices through the Gaussian process (GP) model describing morphology orientation. The dashed line denotes where the substrate exhibits
no block preference (I'*). The window of vertical orientation (yellow) is broad and centered around I'™* for symmetric (lamellar) BCPs. For asymmetric
chains, the window narrows and shifts away from I'*; it is in general more difficult to form vertical morphologies for cylinder phases. Surface tension
disparity plays a major role in orientation behavior. Of particular note is the dissimilarity between pBCP and nBCP cylinders, despite them being
simple inverses of each other when considered structurally. It is difficult to generate a stable vertical orientation of nBCPs since this requires exposing
a large area of high surface-tension matrix material at the film-vacuum interface.
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Fig. 4 Different ordering is observed for pPBCP and nBCP. For lamellar
materials (fa =0.50), pBCP and nBCP materials are conceptually equiv-
alent, and thus exhibit the same vertical window. For asymmetric chains,
nBCP (o < 0) materials have a large surface tension associated with the
matrix material. This disfavors the vertical orientation, resulting in a
narrow window and lower vertical fraction. It is conversely much easier
to generate vertical orientations for pBCP materials. (Refer to ESI Fig-
ure S11 for other f.)

centration at the substrate (nominal chain composition and lo-
cal enrichment), as well as the energy penalty of the distorted
morphologies that arise for vertical orientation under the given
conditions.

To emphasize this point, consider the ordering of fy = 0.25
cylinder chains (o = 0) on a I' = I'* substrate. Although it is
obvious that such a material exhibits a stronger interaction with
a I' = 0.3 substrate, it is at first unexpected that it cannot also
form a vertical orientation at I'*. After all, the bead-substrate
interactions are equal, and the bead interactions at the free sur-
face are also equal. There is thus no enthalpic gain associated
with switching from vertical to horizontal morphology, or oth-
erwise changing the bead composition at the interfaces; and so
the vertical state should be accessible. However, such an analysis
omits the distorted shape of vertical objects (due to local enrich-
ment), which induces an energy penalty that must be compen-
sated through sufficiently strong substrate interactions. In this
sense, substrate neutrality is not sufficient; the substrate must
moreover interact strongly enough with both blocks to compen-
sate for the energy penalties of the vertical orientation. Moving
away from the o = 0 slice then requires inclusion of the additional
effect of enthalpic enrichment/depletion at interfaces, which fur-
ther distorts the shape of objects.

There are notable differences between the cylinder-forming
materials (C chains) and lamellae-forming materials (L chains).
The C materials seem more sensitive to interface conditions, ex-
hibiting a narrower vertical window and strong dependence on
o, while L materials robustly form a wide vertical window across
a broad range of conditions. These trends can be understood by
considering differences at multiple scales. At the scale of individ-
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Fig. 5 Surface tension disparity () affects the precise shape of morphological objects, which can be seen in the average density of minority A beads
(normalized by fa) through the film thickness (a, c) and representative simulation cross-sections (b, d). Results are shown for neutral substrates, at
T =1.2¢ /kg (before final equilibration at 7 =0.8¢/kg). As the surface tension of the minority A block becomes larger ( increasing, red arrow), more
B material is expressed at the surface, causing vertical cylinders to bulge within the film interior (a, b). The nBCP material (o« = —0.01) conversely
concentrates more minority beads at the surface in order to displace the higher surface tension matrix beads. Vertical lamellae exhibit the same effect,
though less starkly (c, d). Additional cross-sectional images are available in ESI Figure S14.
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Fig. 6 (left) A representative slice through the model space (at & =0) demonstrates how chain composition (fa) has a strong effect on orientation
behavior. (b) Normalized film density profiles along the thickness direction (z) for the minority A beads, for select simulations at '=T" (at T = 1.2¢ /kg).
(c) Density profiles along a trendline that follows the center of the vertical orientation window (at T = 1.2¢/kg). Of note is that the window of vertical
orientation does not follow the I'* trendline (b), despite this being the condition where substrate-bead interaction strengths are matched for majority
and minority blocks. The corresponding density shows the signature of horizontal morphologies (layering along z) for fa < 0.35. The center of the
neutral window (c) is offset towards smaller I" due to local composition at the substrate interface, which is influenced by fa as well as entropic-driven
enrichment of shorter chain-ends (as can be seen in the density profiles, and corresponding MD snapshots in ESI Figure S13).
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ual chains, L chains are symmetric (or near-symmetric). Thus,
the competing interactions associated with the two blocks are in-
herently close to balanced. The more asymmetric C chains have
unbalanced energetic contributions, which must be compensated
for (e.g. by carefully tuning I'). At the scale of the morphologi-
cal interface, lamellae exhibit zero-curvature flat interfaces, while
cylinders are curved nano-objects. While BCP lamellae can curve
over large lengthscales, local distortions in flat lamellae sheets
incur a large energy penalty. By comparison, locally distorting a
cylinder object in some sense amounts to merely redistributing
existing interfacial curvature. We correspondingly observe more
a-induced bulging of cylinders than lamellae (Figure [5). At the
scale of the morphology, the formation of mixed orientation states
(coexistence of horizontal and vertical grains) for L materials in-
volves the creation of a high-energy defect boundary in between
the two orientations. The abutment of the two orientations in-
volves either a termination of lamellar sheets or continuous twist-
ing of lamellae orientation; both options incur significant bend-
ing energy penalties. By comparison, the boundary between a
horizontal and vertical domain for cylinder phases can be easily
accommodated. The majority matrix forms a continuous domain,
and thus simple rearrangement of B chain ends in the majority
can accommodate such a boundary. This explains the relatively
abrupt transition between vertical and horizontal regions in the
parameter space for L chains, as compared to the continuous tran-
sition observed for defect-tolerant C chains. Combined, these dif-
ferences at various scales (chain, interface, morphology) explain
the significant ordering differences observed across the full pa-
rameter space (Figure|[2|and Figure [3]).

These considerations explain the breadth of the vertical region
for L chains in both the I" and « directions. The resistance of the
lamellar morphology to distortion causes this system to suppress
enrichment at interfaces; the smaller distortion energy penalty
correspondingly broadens the range of enthalpic conditions suit-
able for vertical orientation.

As we have seen, the surface tension disparity (@) plays an im-
portant role in determining the orientation of a BCP morphology,
by setting the energetic contribution of interfaces, affecting chain
enrichment, and thereby influencing morphology shape. In the
nBCP regime, o essentially destabilizes the vertical morphology,
by making it highly unfavorable for the majority matrix material
to be present at the film surface. In the pBCP regime, « can cor-
respondingly be thought of as stabilizing the vertical orientation;
the width of the vertical region increases with increasing o. This
occurs because of the lower surface energy associated with the
majority component; the total interfacial energy is further low-
ered by depletion of the high-energy minority component. In-
creasing o for pBCP is similar to adopting a B-preferential sub-
strate (smaller I') since both of these effects serve to drive ma-
jority B beads to the interface. Of course, the vertical orientation
cannot be stable to arbitrarily large o, since increasing o is also
distorting the morphology, and increasing the enthalpic penalty
for the small amount of A beads at the interface. At sufficiently
large a, we observe complete wetting of the surface by the major-
ity beads, and corresponding disruption of the entire morphology
(ESI Figures S14 and S15).

Nanoscale

The results presented here have focused on the BCP monolayer
regime, where the film thickness is somewhat less than the mor-
phology repeat spacing. It is known experimentally that achiev-
ing uniform vertical orientation through the entire thickness of
the film becomes more challenging as film thickness increases,©3
since preferential orientation at interfaces must be sufficiently
strong to propagate through the film interior. We expect that the
effects described here are operative also in thicker films. That is,
enthalpic and entropic effects will continue to drive chain enrich-
ment/depletion at interfaces, which will correspondingly alter the
relative energy of local vertical or horizontal orientation (ESI Fig-
ures S16 & S17 ). However, propagation of orientation will be
hindered by competition with ordering in the film interior (which
will tend to initially phase-separate into a random orientation).

3 Conclusions

We carried out MD simulations of BCP thin films using a coarse-
grained model, and exploited a machine-learning autonomous
strategy to efficiently explore morphological ordering and orien-
tation. The final GP model, designed with physics constraints
(known energetic symmetries) and trained on the full set of sim-
ulations, represents a robust predictive model for BCP orientation
in thin films.

Using this system-agnostic model, we uncover the dominant
effects that dictate orientation in BCP films. Absent enthalpic
effects, configurational entropy at surfaces drive BCP phases to
adopt a vertical orientation. Substrate surface energy then com-
petes with this intrinsic behavior, reorienting the morphology to
be horizontal if the substrate is sufficiently preferential for one
of the blocks. Surface tension disparity modulates this tradeoff,
increasing the enthalpic cost for the vertical orientation if the ma-
jority component is higher surface tension. Both surface tension
disparity and chain entropy can drive enrichment or depletion of
one of the blocks at interfaces; this changes the shape of the mor-
phological object through the film depth. These morphological
distortions have corresponding energy penalties, which must be
counter-balanced by sufficiently strong substrate interactions in
order for the vertical state to be favorable. All of these effects
contribute to the total energy balance, which regulates whether
the vertical or horizontal orientation is more stable.

These effects are all more extreme for asymmetric BCP
chains (i.e. cylinder-forming material) than for symmetric BCPs
(lamellae-forming). In particular, lamellae-forming materials
have more balanced energetic contributions (owing to similar
mass fractions for the two blocks), have more rigid morphologies
that resist distortion (flat lamellar interfaces), and are less toler-
ant to orientational boundaries (morphologies more uniform).

This enhanced understanding of BCP ordering should enable
prescriptive tuning of orientation, through molecular design (e.g.
selecting surface tension disparity) and ordering conditions, in-
cluding substrate energy and annealing temperature (which in-
fluences surface tensions). Since orientation is critical to appli-
cations of BCP thin films as nanostructured coatings, this work
should enable enhanced material design. Moreover, the presented
strategy for combining machine-learning exploration and model-
ing with a generalizable molecular simulation is extendable to a

Journal Name, [year], [vol.], |7



Nanoscale

great many problems in self-assembling materials. This strategy
is thus promising for improved efficiency in material discovery.

4  Methods

4.1 Chain definition and film configuration

We simulate diblock copolymer chains, A-b-B, using a bead-
spring model (Kremer-Grest), ¢ with previously-validated param-
eters.”Z BCP can be simulated using purely repulsive interactions,
where confinement between parallel plates is used to enforce thin
film behavior.4€8 However, such a configuration does not nat-
urally capture the full range of phenomena associated with a
free polymer-vacuum interface, such as surface restructuring into
islands and holes.2#7 Such simulations make it impossible to
study the role of free surface tension. We instead use a model
with attractive potentials (bead-bead and bead-substrate) so that
cohesion consolidates the polymer chains into a film adhered to
the substrate with a free surface.3457

The chain length is set to N = 20 beads for all chain compo-
sitions, fx. We follow a convention where the A beads are the
minority phase (fa < 0.5) and thus B forms the majority matrix;
of course for symmetric lamellar chains (f4 = 0.5) this distinc-
tion does not exist. Blocks A and B are constructed by beads of
the corresponding type, where every beads has unit mass (1m).
Lennard-Jones (LJ) units are used, where o, €, and 7 = 6(m/¢g)'/2
are units for length, energy, and time, respectively. A thin film is
simulated using 1800 BCP chains, resulting in the film thickness
of h < Ly where L is the domain/repeat spacing of lamellae and
cylinders. The interactions between constituent beads are gov-
erned by a finitely extensible nonlinear elastic (FENE) potential
for bonded interactions (Equation and a Lennard-Jones (LJ)
potential for non-bonded interactions (Equation [2). The simu-
lation box has in-plane periodic boundary conditions and a size
of Ly =570 and L, = 90c; in the out-of-plane direction the box
height L, is set to be larger than the BCP film thickness (%), such
that the system naturally forms a free surface (polymer-vacuum
interface). The initial configuration of each film is a disordered
state, where the constituent chains exhibit no phase separation,
and is generated using a self-avoiding random walk algorithm. In-
dividual films are placed on top of a substrate whose constituent
beads (type S) interact with chain beads with non-bonded inter-
actions described by another LJ potential. The substrate is a layer
of hexagonally packed beads of type S, which are immobile and
interact only with BCP chain beads in a pairwise manner. In Equa-
tions[I]and [2] k is a spring constant, Ry is a maximum length, and
& and o;; are the interaction strength and the zero-crossing dis-
tance between a bead of type i and another of type j. The ey and
epp interaction parameters account for self-cohesion energies of
A and B beads, and thus capture the surface tension of each block.
The eap parameter accounts for the interaction between the two
blocks; since this interaction is set to be weaker than either of the
self-cohesion terms, there is a net drive towards phase-separation
(eap thus sets the segregation strength, c.f. the Flory-Huggins
parameter x). The e55 and esg parameters are the interaction
strengths between the chain and substrate beads and thus deter-
mines the substrate interfacial energy. These € parameters as well
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as fa are responsible for the ordering of the corresponding BCP
films. The other parameters for the potentials are constants and
given in Table [1| Note that the LJ part of the FENE potential is
cut off at 2!/0g; ; and purely repulsive, while the LJ potential re-
sponsible for non-bonded interactions is cut off at » = 2.5¢;; in
order to make take into account attractive interactions as well as
repulsive ones.

2
Ureng(r) = —0.5kRy> In {1 - <RL> ]

0
+4g; {(%)12*<%>6+C1} ey
s (2)°-(2) 0] @

4.2 Parameter space

To study the orientation of BCPs, we systematically explore three
parameters that are critical to ordering in thin films: BCP chain
composition (fa), surface tension disparity between the two
blocks (&), and substrate interfacial energy (I'). Chain composi-
tion is defined based on the fraction of chain beads that are type
A; we explore from fa =5/20 = 0.25 (cylinder-forming chains) to
fa =10/20 = 0.50 (symmetric chains that form lamellae). Since
the BCP chain length is fixed at N = 20, the increment of f, is
1/20=0.05.

We define the parameter o so that it quantifies the disparity
between the surface tension of the two blocks; as shown in Equa-
tions [3] and [ the parameter modifies the self-cohesion terms
eapn and egg. For o = 0, the two blocks have identical sur-
face tension (epap = €gg) and there is thus no enthalpic prefer-
ence for which block is present at the free surface. Although
such a material might be difficult to realize experimentally, it
acts as a crucial control. Positive o corresponds to BCP chains
with eap > egp, where the minority component (e.g. cylinder
cores) has a higher surface tension than the majority matrix.
We refer to such materials as “pBCP,” and note that many of
the experimentally-studied BCPs are of this type. For instance,
most experimental reports for cylinder-forming polystyrene-block-
poly(methyl methacrylate) are for the material where polystyrene
(which has lower surface tension) forms the matrix. We denote
negative a BCP chains as “nBCP” (egg > €aa), Where the major-
ity matrix material has a higher surface tension. The larger the
magnitude of a, the larger the difference in self-cohesion energies
between the blocks. To understand the scale of &, we note that
for a typical experimental BCP (such as PS-b-PMMA) at typical
annealing temperatures, one would estimate o ~ 0.007.

ean = (1+a)e 3
egp = (1 —a)e 4

The parameter I' is used to define the substrate interaction,
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Table 1 Parameters of potentials used to described interactions between beads.

k Ry EAB OAA OBB OAB OSA OsB C &)

30¢/0”° 1.50 0.5¢ 1.00 1.00 1.0c 1.0c 1.0c 0.25

(2/5°(1—(2/5)

where small values (I ~ 0) yield a substrate with a strong pref-
erence for the majority B beads, and large values (I' ~ 1) yield
a substrate preferential for the minority A beads. This behavior
is constructed by computing the film-substrate interaction terms
esa and &sp using I, and also exn and egp (Equations [5] and [6)
in a linear relationship (see ESI Figure S1). Conceptually, these
definitions model the experimental case of a substrate chemically
modified with random copolymer brush. That is, I' can be thought
of as the composition of the random copolymer, or, more specifi-
cally, as the relative fraction of A-type monomer units forming the
substrate.

esa = (1 -T)eap +Tean (5)
&g =l'epag + (1 — F)EBB 6)

Note that e5p and esg are dependent on ¢ (in addition to I')
since o alters eap and egg, which are the limiting values at I =
0 and 1. To assist in reasoning about substrate conditions, we
define I'* as the I for which g = &5 (Equation[7)). In principle,
I'™* is thus a neutral substrate (equal interaction with both bead
types). The substrate is A block preferential for I' > I'* and B
block preferential for I' < I'*".

I =0.5[1—a/(c—ep)] )

4.3 Molecular dynamics simulations

We utilized the large scale atomistic/molecular massively parallel
simulator (LAMMPS) made available by Sandia National Labora-
tory and the Institutional Cluster of the Scientific Data Computing
Center at Brookhaven National Laboratory to carry out molecular
dynamics simulations.®8 In order to make BCP chains in a sim-
ulation box represent a thin film, periodic boundary conditions
were imposed along the x and y axes. Every BCP film was equi-
librated at T = 1.2¢/kg for at least r = 240,0007, followed by an-
other equilibration at 7 = 0.8¢/kg for t+ = 60,0007 with the NVT
ensemble and a Nosé-Hoover thermostat adopted for both equi-
librations (kg is the Boltzmann constant). Presented results are
after the conclusion of the T' = 0.8¢/kp equilibration, unless oth-
erwise specified. Molecular snapshots were generated by using
the visual molecular dynamics (VMD) software package.©?

4.4 Characterization of morphologies

The morphology of each BCP thin film was characterized primar-
ily by the vertical fraction (fy), the fraction of the morphology
within the simulation that is oriented vertically as opposed to hor-
izontally or randomly. For BCP cylinders, the vertical orientation
is that for which the cylinder long-axis is out-of-plane; while for
lamellae, the vertical orientation is when the lamellar normal is
in-plane (sheets are out-of-plane). In both cases, the vertical ori-
entation is the configuration expected on neutral surfaces, where

both blocks are in contact with the substrate. We calculate fy by
assessing the areal fraction of minority component material that
projects through the entire film thickness. In particular:

_ Ly (A0y) NBy))/ (Laly)
fa

where A(x,y) and B(x,y) represent maps of A and B material (pro-
jection along z), the superscript C denotes the complement op-
eration, N is the intersection operation, and the sum is over the
x and y spatial coordinates. Thus, we intersect a spatial map of
the minority A material (i.e. all locations with some A) with the
complement of the majority B material (all locations without any
B) to yield a map of vertical structures (all locations where only
A appears). This summed area is normalized by the box size and
by composition (to account for the maximum possible sum that
would be measured when all material is vertically aligned). Refer
to ESI Figure S2 for visualizations. This normalized definition of
fv is universal in the sense that it ranges a minimum value of 0
to a maximum 1, for all f4.

fv ®

This definition of fy quantifies orientation, yielding fyy = 0 for
completely horizontal morphologies, and fy = 1 for perfectly ver-
tical. Nominally vertical morphologies with some tilt will de-
crease the value of fy through this projected calculation. How-
ever, it is also true that roughness in a nominally vertical morphol-
ogy will decrease the computed fy; thus this metric is sensitive to
orientational disorder and also interfacial disorder. This interfa-
cial effect is more pronounced in vertical cylinders than in vertical
lamellae, which results in systematically lower values for the the
maximum fy for cylinder phases.

4.5 Autonomous exploration of the parameter space

In order to efficiently explore and model the defined parame-
ter space, we deployed an autonomous experimentation (AE)
paradigm based on Gaussian process (GP) modeling.2070772 1
this case, each experiment consists of launching an MD simula-
tion. The GP model posterior mean of the defined 3D parameter
space is denoted M(fa,,I'); each combination of fa, o, and T’
yields a particular morphology, which is characterized by verti-
cal fraction (fy). The GP modeling computes a posterior mean,
which is a Bayesian prediction of fy throughout the space. The
AE loop consists of 1) running an MD simulations for a particu-
lar point in the parameter space, 2) automatically analyzing the
morphology to extract structural metrics (especially vertical frac-
tion), 3) updating the parameter space GP model M, and 4) se-
lecting the next simulation point based on M. The AE approach
iteratively and autonomously selects new points for simulation,
and thus naturally fills in the space with data, progressively im-
proving the quality of the model. The selection of points (i.e. the
AE objective function) is based on Gaussian process regression
(described below) and optimized to identify the boundary of the
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vertical region while minimizing model error. We manually se-
lected an initial set of simulation points during exploration of the
MD model; these simulations were used as initialization for the
AE. The resultant final trained model M(fa,o,T") is the posterior
mean of a Gaussian process regression carried out using all mea-
surements (359 simulations, placement shown in ESI Figure S3);
it is this optimized model that is visualized throughout the main
text.

4.6 Gaussian process regression

We used Gaussian process regression (GPR) to obtain a three-
dimensional model (M) describing the orientation map, and also
to enable autonomous data acquisition and parameter space ex-
ploration.”® GPR is a non-parametric, statistical method used to
approximate a function value and quantify uncertainty. It does
not require one to specify the architecture of the model function
beforehand; the model grows more sophisticated as more data
is accumulated. A GP uses kernel/covariance functions, which
can be interpreted as the similarity between pairs of collected
data points. All functions in the function space underlying a GP
are weighted sums of the kernel function whose exact shape de-
pends on so-called hyperparameters. For our kernel definition,
the primary hyperparameters (associated with each axis of the
parameter space) can be interpreted as correlation lengths (refer
to ESI Figure S3 for best-fit values). Using the trained hyperpa-
rameters, the kernel describes the similarities between collected
points optimally and conditioning on the observations yields a
stochastic function approximation, i.e. a posterior mean (an ap-
proximation of the function) and a posterior variance (the uncer-
tainty). We adopted an anisotropic kernel so that we can handle
different correlation length along different directions of the pa-
rameter space (fa, @, and I') as described in ESI Equation S1.
This is critical in our case, since the physical meaning of the dif-
ferent parameter space axes are very different (and there is no
reason for correlation lengths in these disparate directions to be
the same). The parameter space in this study exhibits symme-
tries which originate from the selected definitions. In particular,
M(fa,0,T)=M(1— fa,—0a,1-T). For example, a BCP chain with
fa = 0.25 should be identical in behavior to one with f4 = 0.75,
provided the energetics of the A and B blocks are swapped and
the substrate energy also inverted. These symmetries are known
at the outset and were implemented in the kernel, resulting in
ESI Equation S2.73' Since the GP kernel embodies this symme-
try, collection of a data point at a given position (fa,a,I') imme-
diately propagates information to the corresponding symmetric
point (1 — fa,—a,1—T). This reduces the uncertainty in unob-
served regions of the domain which leads to significant efficiency
gains in data collection. As previously described, the surrogate
model obtained from GPR is used for AE, where points are se-
lected by maximizing the data acquisition function. The data
acquisition function was constructed to select points along the
boundary between vertical and non-vertical morphology; in par-
ticular by targeting fy = 0.8 (ESI Equation S3), while also maxi-
mizing information gain.
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