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ABSTRACT OF DISSERTATION

APPLICATIONS OF ADVANCED SELF-CONSISTENT
FIELD CALCULATION
IN NANOSTRUCTURED POLYMERIC SYSTEMS

The polymer self-consistent field (SCF) theory have gained great success
in many systems, especially for the study Qf inhomogeneous nanostructured
polymers. During my PhD study, I have applied real-space SCF calculations with
high accuracy to mainly two categories of nanostructured polymers: The first
part of this dissertation is focused on the study of self-assembled nanostructures
of diblock copolymers (DBC) under nano-confinement. We first examined in
detail the so-called “hard-surface” effects, originated from the impenetrable
confining surfaces, on the phase behavior of confined DBC systems, where
improving the numerical performance of SCF calculations with such effects is
also discussed. We then studied in detail the self-assembled morphology of
symmetric DBC confined between two homogeneous planner surfaces, where the
effects of surface preference and film thickness are investigated and novel complex
morphologies are found. Finally, we considered the directed assembly of DBC
on topologically and chemically nano-patterned substrates, where well-ordered

complex nanostructures can be obtained by controlling the substrate pattern.

In the second part of the dissertation, stimuli-response of polymer brushes
(chains end-grafted onto a flat substrate) is investigated. We first studied

the thermal response of poly-NIPAM brushes in water, and found that the
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temperature where the largest thermal response occurs is governed by the
chain-grafting density, while the magnitude of the thermal response is controlled
by the polymer chain length. We then studied the solvent-response of uncharged
DBC brushes and found that the copolymer composition is the key factor in
switching the brush surface-layer composition by different solvent treatments;
ourﬁ SCF rresults Wagreﬂe well with available Vexp'erimernté.l measurements. Finally,
we investigated the stimuli-response of charged DBC. Given the vast parameter
space encountered here, we conducted our study based on the uncharged DBC
brushes and explored the effects of charge fraction on polymer chains, solution

pH and ionic strength, and applied electric fields on the brush surface-switching;

this work reveals the complex interplay between different stimuli in such systems.

A list of all my published papers and manuscripts in preparation for pub-
lication is included at the end of this dissertation, where all the details of my

SCF calculations can be found.

Dong Meng

Department of Chemical and Biological Engineering
Colorado State university

Fort Collins, CO 80523

Fall 2009
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1. PREFACE

The study of polymeric systems has been among the most attractive research
areas ever since polymers were first discovered. The interest in these systems
arises not only in an effort to unveil the fundamentals, but also due to their wide
range of technological applications. With significant advances in synthesis and
characterization of polymers, the venerable polymer science has been constantly

rejuvenated with new findings and innovative applications.

More recently, the study of block copolymers that undergo “micro-phase
separation” to self-assemble into ordered structures'™ has received great
attention. These self-assembled structures are usually on the length scale of
tens of nanometers and thus have many useful and desirable properties. The
potential applications of such polymeric systems span almost all industrial
sectors, from semiconductor, pharmaceutical, energy to food industry. For
example, nanostructures formed in block copolymer thin films can be used
in semiconductor industry as nanolithographic masks to produce nanowires,
high-density storage media, photonic band gaps, quantum dot or anti-dot arrays,
to name a few. Surfaces coated or grafted with block copolymers can also change
their properties in response to subtle changes in the environment, making such
surfaces ideal for chemical sensors, self-cleaning materials, drug delivery carriers,

protein-resistent surfaces, etc.
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All these applications are centered around the nanostructures formed by
block copolymers; fundamental understanding of the underlying physics that
controls these self-assembled morphologies is therefore of critical importance.
For this we resort to theory. There have been enormous efforts in developing
theoretical and computational tools to model polymer systems. Most of
them are “particle-based” models, either “atomistic” or “mesoscopic”. The
fundamental degrees of freedom in this type of models are particle positions
and momenta, and as a result for systems of larger scales particle-based models
become computationally very expensive. Not until the well celebrated work by
Edwards,>% an alternative, “field-based” model emerged and quickly became
the common ground for modern polymer theories. In this statistical field theory,
the fundamental degrees of freedom are no longer the particle positions and
momenta, but rather one or more continuous field functions that vary with

position.

There are a number of advantages using this field-based approach for studying
polymer systems, especially for inhomogeneous systems. First of all, there is
the flexibility of working with a field theory that originated from an atomic or
a mesoscopic perspective. In addition, there is the flexibility in how the fields
are represented and discretized, which leverages the large body of knowledge
surrounding the numerical solution of partial differential equations. More
importantly, the possibility of less field than particle degrees of freedom makes
the field-based approach computationally advantageous, which translates into
the possibility of working with systems at large length scales, for example, to

simulate a block copolymer mesophase with domain features on hundreds of
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nanometers.

Because of these important features and their inherent relevance to the
study of nanostructured polymeric systems, the statistical field theory approach
has since become the common foundation of many modern polymer theories.
Among them the self-consistent field theory (SCFT) has demonstrated great
success. SCFT is obtained by assuming that there is a single dominating
field configuration that determines the properties of a system, known as the
“mean-field” or “self-consistent field” approximation. SCFT avoids many
approximations employed in other analytical field-based theories, and its “mean-
field approximation” is well justified for concentrated polymer solutions and
melts apart from the critical point. A nice example demonstrating the success
of SCFT in describing inhomogeneous polymeric systems is the work done by
Matsen in 1994, where all the self-assembled morphologies of diblock copolymer

melts observed in experiments were predicted in the correct sequence.

This work makes use of the success of the SCF calculations in the study
of polymeric systems, and extend its applications to two systems that are of
more practical interests, i.e., diblock copolymer under nano-confinement and

stimuli responses of polymer brushes.

In the first part of the dissertation, we focus on the study of diblock copolymer
under nano-confinement. We first examined in detail the so-called “hard-surface”
effects, originated from the impenetrable confining surfaces, on the phase be-
havior of confined DBC systems, where improving the numerical performance

of SCF calculations with such effects is also discussed. We then studied in
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detail the self-assembled morphology of symmetric DBC conﬁned between two
homogeneous planer surfaces, where the effects of surface preference and film
thickness are investigated and novel complex morphologies are found. Finally,
we considered the directed assembly of DBC on topologically and chemically
nano-patterned substrates, where well-ordered complex nanostructures can be

obtained by controlling the substrate pattern.

In the second part of the dissertation, stimuli-response of polymer brushes
(chains end-grafted onto a flat substrate) is investigated. We first studied
the thermal response of poly-NIPAM brushes in water, and found that the
temperature where the largest thermal response occurs is governed by the
chain-grafting density, while the magnitude of the thermal response is controlled
by the polymer chain length. We then studied the solvent-response of uncharged
DBC brushes and found that the copolymer composition is the key factor in
switching the brush surface-layer composition by different solvent treatments;
our SCF results agree well with available experimental measurements. Finally,
we investigated the stimuli-response of charged DBC. Given the vast parameter
space encountered here, we conducted our study based on the uncharged DBC
brushes and explored the effects of charge fraction on polymer chains, solution
pH and ionic strength, and applied electric fields on the brush surface-switching;

this work reveals the complex interplay between different stimuli in such systems.
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Part I

DIBLOCK COPOLYMER UNDER

NANO-CONFINEMENT



2. HARD-SURFACE EFFECTS IN POLYMER
SELF-CONSISTENT FIELD CALCULATIONS

2.1 Introduction

Proposed over 40 years ago,! the self-consistent field (SCF) theory has been
widely applied to various polymeric systems with great success, including the

interface of polymer blends,>® microphase separation of block copolymers,'0-12

15-18 and par-

polymers near surfaces,!®* etc. Advanced numerical methods
allelization!® enable SCF calculations with high accuracy, providing a mature
and powerful computational tool for the study of equilibrium behavior of
polymeric systems at nano- to meso-scales. When applied to confined systems
by impenetrable (hard) surfaces, however, SCF calculations encounter some
numerical problems that have not been examined closely. To adequately
represent the hard-surface confinement, the polymer density must vanish at the
surface must vanish, requiring the once-integrated propagator ¢(r,s) be 0 there
for all s (a variable denoting the segmental position along the chain contour).
According to the modified diffusion equation 8q/8s = V2q — w(r)q, this leads to
a diverging conjugate field w(r) unless V2q is 0 for all s at the surface. Such a

diverging w-field may cause some numerical problems, not only in solving the

SCF equations, but also in calculating the system free energy.
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On the other hand, a vanishing polymer density at the surface is incom-
patible with the usually enforced incompressibility of total (normalized) polymer
segmental density having a value of 1 inside the confined system (polymer melts).
A common way to circumvent this is to replace unity in the incompressibility
constraint by a function ¢o(r) that continuously vary from 0 to 1 over a short
distance from the surface (the surface layer). The choice of ¢o(r) in the surface
layer, however, has been arbitrary. While Matsen used a cosine-shaped profile,2°
Chen and Fredrickson adopted a linear profile;?! Li et al. used a “step-function”
profile,?2 which can be considered as a linear profile due to the spatial domain
discretization. Because of the continuous Gaussian chain model commonly
used in SCF theory, it cannot capture the polymer density oscillations near an
impenetrable surface (which is due to the chain packing effects) as revealed, for
example, by Monte Carlo simulations.? The choice of ¢o(r) should therefore
be based on the numerical performance of SCF calculations, i.e., to make
the calculations converge rapidly with refined discretization. Although it has
been claimed that the detailed shape of ¢o(r) in the surface layer has little
consequence, our results show that this is not the case in terms of the numerical
performance of SCF calculations, as demonstrated with a model system of

confined homopolymer melts in Sec. 2.3.

In addition to the above numerical problems, hard-surface confinement as
modeled in SCF calculations influences the system in two different but related
aspects: the decrease of polymer density near the surface and the change of
chain conformations from the bulk counterparts (where ¢o(r) = 1); the latter
is manifested by chain-end enrichment and middle-segment depletion near the

surface. For the self-assembly of block copolymers under nano-confinement,
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which has attracted great interest in recent years due to its potential applications
in nanotechnology,*2% these influences correspond to energetic and entropic
effects, respectively. The former has been referred to as the “surface-induced
compatibilization” between different types of polymer segments, and considered
as the dominant factor responsible for the interesting phenomenon that, when
the film thickness is commensurate with the bulk lamellar period, perpendicular
lamellae are more stable than parallel lamellae in thin films of symmetric diblock
copolymers confined between two neutral surfaces.?%2%27 Qur results in Sec. 2.4
show, however, that the entropic effects are comparable in magnitude to this
energetic effect and cannot be overlooked. In fact, Monte Carlo simulations
have revealed that chain ends enrich near a hard surface and that diblock
copolymer chains close to the surface orient parallel to it.22° In the case of
asymmetric diblock copolymer thin films, one of us further proposed that a
neutral surface exhibits an entropic preference for the shorter block due to

chain-end enrichment.3°

From a theoretical point of view, it is of fundamental interest in polymer
science to understand how an impenetrable surface affects the behavior of
polymers near it. In this work, we present the first systematic study on the
hard-surface effects in SCF calculations. Our models and numerical methods
are summarized in Sec. 2.2. In Sec. 2.3 we identify two profiles of @o(r) in the
surface layer that are suitable for high-accuracy SCF calculations of confined
polymer melts. We then in Sec. 2.4 investigate both the energetic and entropic
effects of hard-surface confinement on symmetric diblock copolymer thin films.
These effects for cylinder-forming asymmetric diblock copolymer thin films are

further examined in Sec. 2.5. The last Section is devoted to conclusions.
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2.2 Models and Numerical Methods

Since the polymer self-consistent field (SCF) theory has been well developed,
we only summarize our SCF equations and numerical methods here; readers are

referred to, e.g., Ref. [31] for detailed derivation and explanation of this theory.

2.2.1 Confined Homopolymer Melts

The simplest case is to confine homopolymers A with a length N to a one-
dimensional polymer segmental density (normalized by the density of polymer
segments) profile ¢o(z), where z € [0,d] and ¢o(z = 0) = ¢o(z = d) = 0. The

corresponding SCF equations are

0 a2
a—z = 5;% —n(z)q (2.1)
- N EA;L
doa) = S [ dsalashatz 3 - 9) 22)

Here ¢(z, s) corresponds to the probability of finding the end-segment of a poly-
mer chain of length sN at z, and s € [0, No/N]| denotes a position along the
chain contour. 7(z) is the (purely imaginary) pressure field enforcing the con-
finement, Eq. (2.2); note that n(z) can be shifted by an arbitrary constant.
The boundary conditions for the modified diffusion equation, Eq. (2.1), are
g(x =0,s) = g(z = d,s) = 0 for all s, and its initial condition is g(z,s = 0) = 1
for 0 < < d. In Eq. (2.2), §o = f dzdo(z)/d, and the single-chain partition
function Q = fod dzq(z, Na/N)/d. Note that z is in units of the radius of gy-
ration of a Gaussian chain of N segments, R, = a,/N/6, where a denotes the
statistical segmental length; for finite N, we set N = Ny hereafter. Once the

SCF equations are solved, the mean-field free energy per polymer segment is give
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d
F, = —% [ﬁfo dzn(z)do(x) + 1n ¢ (2.3)

~ where we set Q = ¢y to fix 7(z) during the solution.

To solve n(z) for a given ¢o(z), we invoke the ground-state dominance

approximation (GSDA), which gives q(z,s) = exp(—mnos)g(z) for Ny — oo,

where 1) is the smallest eigenvalue of the operator —;—:2 + n(z), and go(z) is the

corresponding eigenfunction. Substituting it into the SCF equations, we obtain

/!

) = ey [%f%z)]z &9

where ¢}, denotes d¢o(r)/dz, and so on. Note that a constant is ignored in
Eq. (2.4). As shown below, this relation can help us understand the behavior of

n(z) obtained by numerically solving the SCF equations.

To ensure the high accuracy of our numerical results, we use the newly
proposed fourth-order implicit-explicit scheme!” to solve the modified diffusion
equations. The chain contour [0,1] is uniformly discretized into n steps. To
obtain the initial values for q required by this method, we use the second-order
pseudo-spectral method'® (instead of the first-order Euler method as proposed
in Ref. [17]) combined with Richardson extrapolation.3? In the z direction, we
use fast sine transforms, consistent with the boundary conditions of the modified
diffusion equation. The SCF equations are solved in real space by the Broyden
method combined with a globally convergent strategy.®* The interval [0,d] is

uniformly discretized into m subintervals, and the absolute residual error of
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Eq. (2.2) at any collocation point is less than 1071° in our calculations. Finally,

we evaluate all integrals using Romberg integration.3*

2.2.2 Confined Diblock Copolymer Melts

Here we consider diblock copolymers A-B of chain length N confined between
two flat and impenetrable surfaces placed at z = 0 and d. Assuming that all
polymer segments have the same statistical segmental length a, we can write the

SCF equations as

wa(r) = xN¢a(r) — H(z) + n(r) (2.5)

wr(r) = xN¢a(r) + H(z) + n(r) (2.6)
go (72 .

oa(r) = A dsq(r, s)g*(r,1 — s) (2.7)

¢(r) = % fi dsq(r,s)q*(r,1—s) (2.8)

¢a(r) + éB(r) = ¢o(x) (2.9)

Here ¢a(r) and ¢p(r) are the density fields of A and B segments, respectively,
and wa(r) and wg(r) are the conjugate fields interacting these species. 7(r)
enforces incompressibility, Eq. (2.9) in this case. H(z) is a field representing the
energetic surface preference for the two blocks: it is positive when the surface
prefers A segments and negative when the surface prefers B segments; in most
cases we use two neutral surfaces and set H(z) = 0. We also use x to denote the
Flory-Huggins interaction parameter between A and B segments, fa the volume
fraction of A block in the copolymer, and s € [0, 1] the segmental position along
the chain contour. For diblock copolymers, ¢(r, s) corresponds to the probability

of finding a copolymer chain of length sN that starts from the A-end (where
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s = 0) anywhere in the system and ends at position r, and satisfies

dq V2g—wa(r)g for0<s< fa

= = (2.10)
s V2q—wa(r)g for fa<s<1

Similarly, ¢*(r,t) with ¢ = 1 — s corresponds to the probability of finding a
copolymer chain of length tN that starts from the B-end (where s = 1) anywhere

in the system and ends at r, and satisfies

dq* V2¢* —wp(r)q* for0<t<1~ fa

5 (2.11)
¢ V2q* —wa(r)gr for 1 —fa<t<1

Two sets of boundary and initial conditions for the modified diffusion equa-
tions, Egs. (2.10) and (2.11), are used in our calculations. For cases where
do(z = 0) = ¢o(z = d) = 0, we usually (unless otherwise specified) apply
the Dirichlet boundary conditions of ¢(r,s) = ¢*(r,s) = 0 at £ = 0 and d for
all s, together with the initial conditions of ¢(r,s = 0) = ¢*(r,t = 0) = 1 at
0 < = < d; while for all other cases, we apply the Neumann boundary conditions
of 9q(r,s)/0z = Oq*(r,s)/0x = 0 at £ = 0 and d for all s, together with the
initial conditions of ¢(r,s = 0) = ¢*(r,t = 0) = 1 at all r. For multi-dimensional
calculations, periodic boundary conditions are applied in the y and z directions.
In Egs. (7.4) and (7.5), @ = [drq(r,1)/V and ¢o = foddngo(z)/d, where
V = [l l,d denotes the system volume with /, and [, being the system size along

the y and z directions, respectively. Again, we have normalized all the distance

by Ry = ay/N/6.

Once the SCF equations are solved, the mean-field free energy per chain
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of length N is calculated as

F =¢—SOLV / drxNéa(r)¢s(r) — wa(r)da(r) — w(r)gs(r) — H(z)[¢a(r) — ¢n(r)]

~InQ (2.12)

As before, we use the fourth-order implicit-explicit scheme'? to solve the mod-
ified diffusion equations. The chain contour [0,1] is uniformly discretized into
n steps, and the interval [0, d] (in the z direction) is uniformly discretized into
m subintervals. We use the fast sine transforms in the z direction when the
Dirichlet boundary conditions are applied, and the fast cosine transforms when
the Neumann boundary conditions are applied. For multi-dimensional calcula-
tions, the system sizes along the y and z directions are uniformly discretized into
m, and m, subintervals, respectively, and we use the fast Fourier transforms in
these directions. For one-dimensional calculations, the Broyden method is used
to solve the SCF equations and the maximum- residual error at all collocation

points r, € = max{|“’A('2);1‘(,’B(r) + &6 _ pa(r)), |9—3—(52X_‘1;m + 2282 _ g, (r)[}, is less

than 10~!; while for multi-dimensional calculations, the semi-implicit scheme'®
is used to iterate the SCF equations until ¢ is less than 107%; here, for given wa(r)
and wg(r), Egs. (7.4) and (7.5) are used to calculate ¢a(r) and ¢g(r) after the
modified diffusion equations are solved. Since the conjugate fields can be shifted
by an arbitrary constant without changing the density fields and the system free
energy, we set @ = ¢o/3n to obtain a unique solution. Finally, we evaluate all
integrals using Romberg integration3* when possible; the composite Simpson’s

formula is used otherwise.
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2.3 Confined Homopolymers

2.3.1 Choice of ¢y (x)

In the interior of confined polymer melts it is natural to set the (normalized)
polymer segmental density ¢o(x) = 1, while close to the confining surfaces ¢o(z)
continuously decreases from 1 to 0 over a short distance denoted by 7 (surface
layer). Thus our goal here is to identify a form of ¢o(z) in the surface layer,
denoted by ¢oq(z) with z € [0,7], that leads to good numerical performance
of SCF calculations (i.e., makes the calculations converge rapidly with increas-

ing m and n); for this purpose, we consider ¢o(z) to be symmetric about z = d/2.

Most SCF calculations reported in the literature used a linear profile of
$o,s1(z) = z/7 (referred to as P1); this includes the “step-function” case (i.e.,
dos(T = 0) = 0 and @gg(z > 0) = 1)?23% due to the discretization in the z
direction. Fig. 2.1 shows the obtained pressure field n(z) for this P1 pr.oﬁle,
where d = 3.2 and 7 = 0.1 are used with different values of m. Our calculation
with m = 32 corresponds to the “step-function” case, while that with m = 64
corresponds to the profile used in Refs. [21,36,37]. Although these two cases
are numerically well behaved, P1 is not a good choice in that further refinement
with larger m quickly leads to large, problematic variations of 7(z) and poor
accuracy of the calculated free energy F,. We attribute the deep cusp at z = 7
to the fact that ¢ is discontinuous at this point; as indicated in Fig. 2.2(a)
below, using larger m results in deeper cusp and wild oscillations of 7(z) around
z = 7. From Eq. (2.4) one can also see that n®5PA(z) for P1 is discontinuous at

r = 7. Moreover, using P2 (z) for P1 in Eq. (2.3) results in a diverging F;.
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That n(z) seems to follow n®PA(z) in Fig. 2.1 leads to the following idea
of reducing the variations of n(z) in the surface layer: By setting n®SPA(z) = 0
in Eq. (2.4) and using the boundary conditions of ¢oq(z = 0) = 0 and
dosi{z = T) = 1, we obtain a quadratic profile of @oq(z) = (z/7)* (referred
to as P2). The numerically determined n(z) for P2 is shown in Fig. 2.2(a),
where d & 3.7237 and 7 = 0.3 are used, to be consistent with the calculations
below. Similar to the P1 case, the discontinuity of ¢; at £ = 7 unfortunately
leads to a deep cusp and wild oscillations of 7(z) around this point, thus
poor accuracy of the calculated Fy,. This is probably also responsible for
the deviation of n(z) from n®SPA(z) in the surface layer. The oscillations of

n(zx) very close to the surface can be alleviated by using larger n (data not shown).

Matsen used a cosine profile of ¢gq(z) = [1 — cos(wz/7)]/2 (referred to
as COS),?° which eliminates the discontinuity of ¢} at z = 7. Fig. 2.2(a) also
shows the computed n(z) for this profile. We see that COS is better than both
P1 and P2 in that the variation of n(z) is much smaller. However, n®SPA(z)
is discontinuous at x = 7, which is probably responsible for the deviation of
n(z) from n°SPA(z) in the surface layer. Nevertheless, COS allows converging
free-energy calculations, as shown in Fig. 2.3. Our results also indicate that, as

in the P2 case, the oscillations of n(z) very close to the surface can be alleviated

by using larger n (data not shown).

GSPA(z) need to

From these results, it seems critical that both ¢ and 7
be continuous at x = 7 to further improve the numerical performance of SCF
calculations. Requiring ¢oau(z = 0) = ¢h,(z = 0) = 0, gz = 7) = 1,

and ¢y u(z = 7) = dgulz = 7) = ¢gly(z = 7) = 0 (the last condition



2. Hard-Surface Effects in Polymer Self-Consistent Field Calculations 17

ensures the continuity of ' at z = 7), we obtain a fifth-order polynomial of
doa(z) = —4(z/7)° + 15(z/7)* — 20(z/7)® + 10(z/7)? (referred to as P5).
Fig. 2.2(b) shows the numerically solved n(z) for this profile; we see that
smoothly varying n(z), which closely follows nSPA(z), can be obtained by using
large enough n. The free-energy calculation using P5 also has higher accuracy
than using COS, as shown in Fig. 2.3; in particular, the error of F; calculated

using P5 decays nicely with m='9.

Finally, we note that for confined homopolymer solutions V2q = 0 for all
s at the surfaces. Although we prefer not to introduce a small-molecule solvent
into the system due to the complication of additional interaction parameters
between the solvent and polymers, this property can be utilized to construct
_¢o(z) that eliminates the divergence of n°5PA(z) at z = 0. After some trials, we
find that ¢oq(z) = {exp[drz/(r2 — 1%)] — 1}?/{exp[drz/(r? — 2?)] + 1}? (referred
to as EXP) gives so far the best numerical performance; Fig. 2.3 shows that the
error of F, calculated using EXP decays with m=34 for m > 128. Fig. 2.2(c)
shows the obtained 7(z) for this profile, where we see some oscillations of 7(z)
very close to the surface (which can be alleviated by using larger n). We also see
some deviation of n(z) from n®5PA(z) very close to the surface. Both of these,

however, do not affect its superior numerical performance.

2.3.2 Segmental Distributions

It is well known that polymer chains close to an impenetrable (hard) surface lose
entropy, and that chain ends lose less entropy than middle segments when close
to the surface. We therefore expect the enrichment of chain ends and depletion

of middle segments near a hard surface. To quantify this, we define the reduced
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distribution function of the (sN)* segment as

_ J’Oq(ra S)q(r, = 5)
p(r,s) = Q00() (2.13)

such that a constant p(r, s) indicates a uniform distribution of the segment.

Fig. 2.4 shows the end-segment and the middle-segment distributions, p(z,s = 0)
and p(z,s = 0.5), respectively, for homopolymer melts confined by either EXP
(1 =~ 0.5303) or P5 profile (7 = 0.6) with d = 3.7237; the corresponding results of
using COS profile (r = 0.4) are hardly distinguishable from those of using EXP,
thus not shown. In all cases, we see that chain ends are enriched near hard sur-
faces and that p(x, s = 0) is inversely proportional to the distance to a surface as
the surface is approached. This can be understood by invoking the ground-state
dominance approximation (GSDA), which leads to p(z, s) o ¢ 1 *(z) for s = 0
or 1; note that ¢g o(z) ~ O(z?) as z — 0 for EXP, P5 and COS profiles. On the
other hand, the middle segments are depleted from hard surfaces, and GSDA
gives p(z,s) ~ O(1) for 0 < s < 1. Comparing Figs. 2.4(a) with 2.4(b), we
see that the range of middle-segment depletion is larger than that of chain-end

enrichment.

Although we study in this Section the simplest system of confined ho-
mopolymer melts, the above hard-surface effects are generic for all confined
polymeric systems. For example, the influence of ¢o(z) on w-fields near the
surfaces in the case of confined diblock copolymers A-B is the same as that
in the homopolymer case (data not shown). The chain-end enrichment and

middle-segment depletion in the diblock copolymer case, however, are further
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complicated by A-B repulsion (thus microphase separation between A and B)

and copolymer composition fa, as revealed below.

2.4 Confined Symmetric Diblock Copolymer Melts

2.4.1 Surface-Induced Compatabilization

For confined diblock copolymer melts, the decrease of ¢g (z) from 1 reduces the
A-B repulsion in the surface layer; this is referred to as the “surface-induced A-B
compatibilization” or “negative line tension”.2’ This energetic effect therefore
favors the morphology where more A-B interfaces (which contribute the most to
the A-B repulsion) present in the surface layer. In the case of symmetric diblock
copolymers, this has been considered as the dominant factor responsible for the
interesting phenomenon that, when the film thickness d is commensurate with
the bulk lamellar period ly, perpendicular lamellae are more stable than parallel

lamellae in thin films confined between two neutral surfaces.?%:23:27

By defining the reduced A-segmental density @a(r) = a(r)/do(x), the
A-B interaction energy per chain can be written as

Fao= X7 [ rone)nte) = X [t [1-60)] @) (219

where Eq. (2.9) is used. To quantify the surface-induced compatibilization, we
consider the difference in Fapg between the parallel and perpendicular lamellae
(denoted by || and L, respectively), AFap = FﬂB — Fig, confined between two
neutral surfaces. Here we set x N = 15 and d = lp = 3.7237, and use ¢oq(z) =

1 —[1 4 cos(nz/7)]6/2 with 7 = 0.2 in our calculations such that adjusting ¢
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from 0 to 1 changes ¢gq(z) from 1 to COS profile. For both morphologies, if
we assume that introducing the hard-surface confinement does not change the
reduced density, i.e., a(r) = Pap(r) with ¢a 5(r) being the density profile under
the bulk condition of ¢o(z) = 1, AFap can then be approximated by

AFsns =3 [ ar [%Q - 1] {oho@[1 = oha(0)] = s1s00) [1 - 0%,4(0)] }
(2.15)

which can be calculated from the bulk structure and ¢o(z).

Fig. 2.5 shows that, under the bulk condition (§ = 0), lamellae of differ-
ent orientations degenerate. As & increases from 0, AFag monotonically
increases, indicating that the surface-induced compatibilization favors perpen-
dicular lamellae over parallel ones. The difference between AFpg and AFagy,
although small, suggests the change of chain conformations from the bulk
counterparts. This is clearly indicated by the large difference between A Fap and
AF = Fl — FL; the latter even exhibits a maximum at ¢ = 0.7. This leads to
the entropic effects of hard-surface confinement, which has been overlooked in

previous studies.?%%27

2.4.2 Surface-Induced Entropy Loss

The entropic contribution of the copolymer chains to the system free energy is
given by
1
Fa=—27 / drfwa (£)6a (r) + wa(r)gs ()] - InQ (2.16)
0
As shown in Fig. 2.5, AFy = Flll — F monotonically decreases with increasing

0, indicating that the entropic effects actually favor parallel lamellae over
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perpendicular ones. Fig. 2.5 further indicates that both the energetic and
entropic effects have about the same magnitude, and that the competition

between them gives rise to the maximum in AF.

The reduced distribution function of the (sN)*™ segment on a copolymer

chain is given by

_ ¢og(r,8)g*(r,1 - 5) |
p(r,s) - Q¢0($) (217)

Again, a constant p(r,s) indicates a uniform distribution of the segment.
Fig. 2.6 shows the reduced distributions of A-ends and A-B joints, p(z,s = 0)
and p(r,s = 0.5), respectively, in parallel lamellae of 1.5 periods confined
between two neutral surfaces separated at d = 1.5lp, where we compare the case
of hard-surface confinement (EXP profile with 7 = 0.4) with that under the bulk
condition (@o(z) = 1). We clearly see in Fig. 2.6(a) the chain-end enrichment
near both surfaces (the B-end distribution can be obtained by the symmetry
between A and B), as well as the effects of microphase separation between A and
B on the chain-end enrichment. The hard-surface effects on the joint-segment
distribution, as shown in Fig. 2.6(b), are more interesting: While A-B joints are
“squeezed” towards the interior of the film as expected, p(z,s = 0.5) exhibits
small increase in the vicinity of the surfaces in comparison to the minima in the
interior of the film. Such increase, although entropically unfavorable, is due to

the surface-induced A-B compatibilization.

Fig. 2.7 shows p(z,s = 0) and p(z,s = 0.5) in perpendicular lamellae
(microphase-separated along the y direction) confined between two neutral

surfaces separated at d = 1.5lp, where we again compare the case of hard-surface
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confinement (EXP profile with 7 = 0.4) with that under the bulk condition
(¢o(z) = 1). To highlight the influence of microphase separation, two y-values
are chosen: For A-end distribution shown in Fig. 2.7(a), we choose the center
of A-rich domains (where ¢ (y) reaches a maximum value of 0.9403) and that
of B-rich domains (where ¢(y) reaches a minimum value of 0.0597); for A-B
joints shown in Fig. 2.7(b), we choose the center of either A- or B-rich domains
and the A-B interface (where ¢a(y) = ¢p(y)). As in the parallel lamellae case,
in Fig. 2.7(a) we clearly see the chain-end enrichment near hard surfaces and
the effects of microphase separation on the enrichment. In Fig. 2.7(b), we see
the depletion of joint segments from the surfaces when their density is high
(e.g., at A-B interfaces), while the surface-induced A-B compatibilization causes
some increase of joint segments in the vicinity of the surfaces when their density
is low (e.g., at the center of A- or B-rich domains). Comparing Figs. 2.6 and
2.7, we see that, overall, there are more chain ends and less joint segments near
surfaces in parallel lamellae than in perpendicular lamellae; the entropic effects
therefore favor parallel lamellae, consistent with AFy; shown in Fig. 2.5. We
note that the chain-end effect on lamellar orientation was analyzed by Pickett

and co-workers.3839

2.4.3 Influence of ¢4(x) on Phase Behavior

To quantify the influence of various functional forms of ¢o(z) and the 7-values
on the phase behavior of confined diblock copolymers, we consider symmetric
diblock copolymers (xN = 15) confined between two identical surfaces preferring
A block separated at d = l. Here we use a surface field symmetric about
z =d/2, H(z) = A[l + cos(wz/7)]/2 in the surface layer and 0 elsewhere (with

A > 0 denoting the strength of surface preference), and focus on how A at



2. Hard-Surface Effects in Polymer Self-Consistent Field Calculations 23

the phase boundary between parallel lamellae of one period and perpendicular

lamellae, Ao, changes with different choices of ¢o () and 7.

We obtain Ag =~ 1.89 for EXP profile with 7 = 0.4, and Ay = 2.06 for
COS profile with 7 =~ 0.3017 (which gives the same ¢, as the EXP profile).
The functional forms of ¢o(z) therefore only have minor influence on the phase
behavior, and hence can be chosen based on the numerical performance of SCF
calculations. On the other hand, using EXP profile with 7 = 0.2 changes A, to

" 0.64; the influence of 7 is therefore more significant, as expected.

Although depending on the functional form of H(z), these Aop-values can
be compared with that of ¥V, indicating that the hard-surface effects are weak
in practice. Therefore, although these effects exist in all confined polymeric
systems, they are manifested only when the surfaces are nearly neutral. This
validates the idea of ignoring hard-surface effects for stronger surface preference,
where one can use the bulk condition of ¢o(z) =1 (thus the Neumann boundary
~ conditions) for confined systems to avoid large m-values needed to resolve the

surface layer.

2.5 Confined Asymmetric Diblock Copolymers

For symmetric diblock copolymers confined between two identical surfaces, the
hard surfaces affect A and B segments equally due to the symmetry between
them. This is not the case for confined asymmetric diblock copolymers. Both
dynamic density-functional calculations*® and lattice Monte Carlo simulations®

have shown an entropic preference of a hard surface for the shorter block. We
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therefore investigate the hard-surface effects on cylinder-forming asymmetric di-

block copolymers in this Section.

2.5.1 Hard-Surface Effects

Fig. 2.8 shows the free-energy difference between parallel and perpendicular
cylinders, as well as its energetic and entropic components, for cylinder-forming
asymmetric diblock copolymers (y N = 25) confined by EXP profile (r = 0.4)
between two neutral surfaces separated at d = 1/3ly, where [y here represents
the smallest inter-cylinder distance in the bulk. Interestingly, we see that
the surface-induced entropy loss favoring parallel cylinders now outweighs
the surface-induced A-B compatibilization favoring perpendicular cylinders.
Without further calculations, however, one should not generalize this result to

other values of N and fa.

For the case of fa = 0.22, Fig. 2.9 shows in solid curves the A-B inter-
faces (where ¢a(r) = ¢g(r)) in these two morphologies; corresponding results
under the bulk condition (@o(x) = 1) are also shown in dots. We see enlargement
of A-rich regions near the hard surfaces, which results in the shrinkage of
A-cylinders in the interior of the film in the case of parallel cylinders and the
undulation of A-B interfaces in the case of perpendicular cylinders. The neutral,

hard surfaces indeed exhibit preference for the shorter (A) block.

To examine the change in chain conformations due to the hard-surface
confinement, Fig. 2.10 shows the reduced distributions of A-ends, B-ends and
A-B joints in these two morphologies. As in the case of confined symmetric

diblock copolymers, we clearly see chain-end enrichment near hard surfaces and
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the effects of microphase separation between A and B on the enrichment. For
parallel cylinders, Fig. 2.10(c) further shows the depletion of joint segments
from the surfaces when their density is high (e.g., at A-B interfaces), while the
surface-induced A-B compatibilization causes small increase of joint segments in
the vicinity of the surfaces when their density is low (e.g., at the center of B-rich
domains). For perpendicular cylinders, we note that the overall enrichment of
joint segments near hard surfaces is caused not only by the surface-induced
A-B compatibilization, but also by the entropic preference of the surfaces for
the shorter block. Overall (data not shown), there are more chain ends near
surfaces in parallel cylinders than in perpendicular cylinders; the entropic effects

therefore favor parallel cylinders, consistent with AF,; shown in Fig. 2.8.

Comparing A- with B-ends, however, we see that the chain-end enrich-
ment is more pronounced for the shorter (A) block. This is the case not only
for cylinder-forming asymmetric diblock copolymers as shown in Fig. 2.10, but
also for lamellae-forming asymmetric diblock copolymers (e.g., fa = 0.4 and
' xN = 15; data not shown). This phenomenon is caused by A-B repulsion
(x > 0), since for confined homopolymers (effectively ¥ = 0) both chain ends
enrich equally. The entropic preference of a hard surface for the shorter block
was explained in Ref. [30] based on chain-end enrichment and chain connectivity
(i.e., the shorter block is on average closer to a chain end than the longer block);
it occurs even for equal enrichment of A- and B-ends. A-B repulsion therefore

enhances this entropic preference.
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2.5.2 Effectively Neutral Surface

As shown in Fig. 2.9(b), the undulation of A-B interfaces in perpendicular cylin-
ders is a manifestation of the entropic preference of hard surfaces for the shorter
block. To quantify this entropic preference, we introduce an energetic prefer-
ence of the surfaces for the longer (B) block, i.e., A < 0, and characterize the

undulation by

_ 1 ¢A(J; = g{:yaz)
A'u. = lylz /dyde — fA (218)

At A = Ay, A, vanishes and we have effectively neutral surfaces, near which

both chain ends are equally enriched (data not shown).

For perpendicular cylinders (x N = 25) confined by EXP profile (7 = 0.4)
between two identical surfaces separated at d = +/3ly, we obtain Ag ~ —2.72
and —1.51 for fa = 0.22 and 0.3, respectively. As expected, the entropic
preference is stronger for more asymmetric diblock copolymers. Similar to the
hard-surface effects for confined symmetric diblock copolymers, however, such

entropic preference is weak in practice.

2.6 Conclusions

We have investigated several effects resulting from the confinement of polymer
melts by impenetrable (hard) surfaces using self-consistent field (SCF) calcula-
tions. To adequately represent such confinement, a total (normalized) polymer
density profile (¢o(z)) is usually imposed, which continuously decreases from
1 in the interior of confined melts (bulk condition) to 0 at the surfaces over a

short distance (surface layer). The choice of this profile in the surface layer,
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do,s1(x), strongly influences the numerical performance of the self-consistent field
calculations. We have identified two profiles (P5 and EXP) of ¢ q(z), which

make the calculations converge rapidly with refined discretization.

Hard-surface confinement also changes chain conformations from the bulk
counterparts, leading to the enrichment of chain ends and depletion of middle
segments near the surfaces. For confined diblock copolymers A-B, these entropic
effects favor parallel morphologies where chains orient mainly perpendicular
to the surfaces. They are, however, further complicated by A-B repulsion
(thus microphase separation between A and B) and copolymer composition
fa. The decrease of polymer density from 1 reduces A-B repulsion and favors
morphologies with more A-B interfaces near the surfaces. Such surface-induced
A-B compatibilization (energetic effect) therefore acts against the depletion
of A-B joints from the surfaces. In the case of symmetric diblock copolymers
confined between two neutral surfaces, when the film thickness is commensurate
with the bulk lamellar period, the energetic effect favoring perpendicular
lamellae outweighs the entropic effects. The latter, however, are comparable in
magnitude to the former and cannot be overlooked. For confined asymmetric
diblock copolymers, the chain-end enrichment results in an entropic preference

of a neutral surface for the shorter block, which is enhanced by A-B repulsion.3?

Our calculations also show that different functional forms of ¢gq(z) only
have minor influence on the phase behavior of confined diblock copolymers, and
hence can be chosen based on the numerical performance of SCF calculations.
After all, the hard-surface effects are weak in practice and are manifested

only when the surfaces are nearly neutral. This validates the idea of ignoring
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hard-surface effects for stronger surface preference, where one can use the bulk
condition of ¢p(z) = 1 (thus the Neumann boundary conditions) for confined

systems to avoid the large number of collocation points needed to resolve the

surface layer.
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Fig. 2.1: Pressure field n(z) for confined homopolymer melts, with the linear profile P1
used in the surface layer. d = 3.2, 7 = 0.1, and n = 2048.
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Fig. 2.2: Pressure field n(z) for confined homopolymer melts, where d /s 3.7237 and the
T-values are chosen to give the same ¢ in all cases: (a) The quadratic profile
P2 (r = 0.3) and the cosine profile COS (7 = 0.4) are used in the surface
layer, respectively. m = 1024 and n = 2048. In the P2 case, two data points
located around xz = 7 with n-values less than —500 are not shown. (b) The
fifth-order polynomial P5 {(r = 0.6) is used in the surface layer. m = 1024.
(c) The profile EXP (7 ~ 0.5303) is used in the surface layer. For the case
of m = 1024 and n = 2048, a minimum located around z = 7.3 x 10~2 with
n-value about —73 is not shown.
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Fig. 2.3: Influence of spatial-domain discretization on the accuracy of free-energy cal-
culations for confined homopolymers. d = 3.7237 and n = 2048. The r-values
are given in the caption of Fig. 2.2. Here we approximate the exact value of Fj
(obtained when m — oo) by that calculated with the largest m, Fy(m = 1024).
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Fig. 2.4: Reduced distributions of (a) the end-segments and (b) the middle-segments
in confined homopolymer melts, where d ~ 3.7237, m = 1024 and n = 8192.
The 7-values are given in the caption of Fig. 2.2. The results of using COS
profile are hardly distinguishable from those of using EXP, thus not shown.
In the log-log plot shown in part (a), the curves approach a slope of —1 as
z — 0. In part (b), the curves are symmetric about z = d/2. Under the bulk
condition (¢o(z) = 1) a constant value of 1 is expected for these distributions.
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Fig. 2.5: Free-energy differences between parallel and perpendicular lamellae of sym-
metric diblock copolymers (fa = 0.5 and xN = 15) between two neutral
surfaces separated at d = lp ~ 3.7237. Here we use ¢oq(z) = 1~ [1 +
cos(wz/7)]6/2 (with 7 = 0.2) such that adjusting § from O to 1 changes
¢o,51(z) from 1 to COS profile, and accordingly the Neumann boundary con-
ditions in the x direction. The dot at § = 1 represents AF calculated using
the Dirichlet boundary conditions where the fast sine transform (FST) is used
accordingly.
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Fig. 2.6: Reduced distributions of (a) A-ends and (b) A-B joints in parallel lamellae
of symmetric diblock copolymers (fa = 0.5 and xN = 15) of 1.5 periods
confined between two neutral surfaces separated at d = 1.5lp = 5.5856. Here
we compare the case of hard-surface confinement (EXP profile with 7 = 0.4)
with that under the bulk condition (¢o(z) = 1). The B-end distribution can
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be obtained by the symmetry between A and B.



2. Hard-Surface Effects in Polymer Self-Consistent Field Calculations 36

8- J
——— EXP, A-rich domain
-~ - EXP, B-rich domain
- (-2 1 ¢0(x)=1 -
(=)
1l
0
X 4 i
a.
2 T
1 AY
P
0.0 0.1 0.2 0.3 0.4 0.5
(a) x/d
20 T T T T
1.54 E
Y —— EXP, A-B interface
? - - = - EXP, A- or B-rich domain
U!. 104 ... ¢o(x)=1 N
X
a.
(0T RO
0.0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5
(b) id

Fig. 2.7: Reduced distributions of (a) A-ends and (b) A-B joints in perpendicular lamel-
lae of symmetric diblock copolymers (fo = 0.5 and x/NV = 15, microphase-
separated along the y direction) confined between two neutral surfaces sep-
arated at d = 1.5lp ~ 5.5856. Here we compare the case of hard-surface
confinement (EXP profile with 7 = 0.4) with that under the bulk condition
(¢o(xz) = 1). The B-end distribution can be obtained by the symmetry be-
tween A and B. In the legend, the A-rich domain corresponds to a y-value
where ¢4 (y) reaches a maximum of 0.9403, the B-rich domain corresponds to
a y-value where ¢4 (y) reaches a minimum of 0.0597, and the A-B interface is
where ¢a(y) = ¢B(y).
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Fig. 2.8: Free energy differences between parallel and perpendicular cylinders of asym-
metric diblock copolymers (xN = 25) confined by EXP profile (r = 0.4)
between two neutral surfaces separated at d = v/3lp. Iy ~ 3.9266, 4.1266,
4.2832, and 4.4068 for fa = 0.22, 0.25, 0.28, and 0.3, respectively. The data
points are actual calculations, and the curves are guide to eyes only. ly =1

and [, = v/3lp (for perpendicular cylinders) are used in our calculations.
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(a) y (b) y

Fig. 2.9: A-B interfaces (where ¢a(r) = ¢g(r)) in (a) parallel cylinders (whose axis is
along the z direction) and (b) perpendicular cylinders of asymmetric diblock
copolymers (fa = 0.22 and xN = 25) confined between two neutral surfaces
separated at d = v/3lp =~ 6.8010. The solid curves show the results under con-
finement by EXP profile (7 = 0.4), and the dotted curves show corresponding
results under the bulk condition (¢o(z) = 1). Iy = lp and I; = V3lp (for
perpendicular cylinders) are used in our calculations.
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Fig. 2.10: Reduced distributions of (a) A-ends, (b) B-ends and (c) A-B joints in parallel
cylinders of asymmetric diblock copolymers (fa = 0.22 and xN = 25) con-
fined between two neutral surfaces separated at d = V3lg = 6.8010. In parts
(2) and (b) we compare the case of hard-surface confinement (EXP profile
with 7 = 0.4) with that under the bulk condition (¢o(z) = 1), and use two
y-values corresponding to Fig. 2.9(a). In part {c) only the results of hard-
surface confinement are shown for clarity. Part (d) shows these distributions
in perpendicular cylinders, where under the bulk condition a constant value
of 1 is expected for these distributions. In all cases, the distributions are
symmetric about z = d/2, and I, = lp and I, = v/3lp (for perpendicular
cylinders) are used in our calculations.
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3. COMPLEX MORPHOLOGIES IN THIN FILMS OF
SYMMETRIC DIBLOCK COPOLYMERS

3.1 Introduction

Block copolymers possess great potential for applications in nanotechnology
because of their ability to self-assemble into well ordered nanostructures under
certain conditions and the direct control of these structures by copolymer
synthesis.! While the phase behavior of bulk block copolymers have been

3 many applications of

extensively studied by both experiment and theory,'
block copolymers require thin-film geometries, such as in surface coating,
nano-membrane, nano-lithography, and high-density storage media, where the
self-assembly of block copolymer is strongly affected by the presence of confining
surfaces.®® It is therefore of both fundamental and practical interest to under-

stand how nano-confinement changes the self-assembly of block copolymers, and

further use it to control the nanostructures obtained.

In this work, we consider the simplest system of symmetric diblock copolymer
melts A-B, which form one-dimensional (1D) lamellar structures in the bulk
with a characteristic period Lo, under 1D confinement between two parallel,
homogeneous and impenetrable (hard) surfaces. The confining surfaces have

three effects on the thin-film morphology: First, a surface generally exhibits
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energetic preference for one of the two blocks, due to the difference in surface-
block interactions. This results in lamellae oriented parallel to the surfaces to

18 Second, the two surfaces have a

reduce surface-block interaction energy.*
confining effect. When the surface separation D is incommensurate with the bulk
lamellar period Ly (i.e., when D/Lq is not an integer in the case of two surfaces
preferring the same type of segments, or not half an odd integer in the case of
two surfaces preferring different types of segments), such frustration forces the

L0’5—10, 15,17-19 or

copolymers to change their lamellar period to be different from
even to adopt a different (perpendicular) lamellar orientation to restore Ly when
the frustration is large at the cost of increasing the surface-block interaction

energy.5%10,15,17,18,20-29

While these two effects are well understood, the third effect, referred to
as the “hard-surface effect”,'®! is that a neutral, hard surface induces the
formation of perpendicular lamellae.1%11:1%,17,18,22,23,27,28,30-33  Thig i5 due to
the impenetrability of the confining surface (i.e., polymer density at the surface
must be zero), and have both energetic and entropic aspects. The decrease
of polymer density near the surface (from that in the interior of the confined
melts) reduces the A-B repulsion, and thus favors perpendicular lamellae with
more A-B interfaces (which contribute the most to the A-B repulsion) near the
surfaces, known as the “surface-induced A-B compatibilization”.!> On the other
hand, the enrichment of chain ends and depletion of middle segments near the
hard surface favor parallel lamellae where chains orient mainly perpendicular to
the surface. In the case of symmetric diblock copolymers confined between two

neutral surfaces, when D is commensurate with Lg, our recent study shows that

the energetic aspect outweigh the entropic one.!®
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By fine tuning the surface-block interactions and the thickness of the con-
fined film, one can therefore obtain parallel lamellae, perpendicular lamellae, and
complex morphologies (mixed lamellae) of parallel orientation near one surface
and perpendicular orientation near the other.1%:21,2%29-32,3435  Hawever, the
detailed structures and formation mechanisms of these complex morphologies,
even their existence, have been controversial in the past, and are therefore the

focus of this work.

Some publications?:2%31,3435 have reported the existence of mixed lamel-
lae for symmetric diblock copolymer thin films in addition to the parallel and
perpendicular lamellae. Huang and co-workers3! concluded that the formation of
mixed lamellae is more due to surface preference effect than the confining effect
because the existence of the pependicular orientation in mixed lamellae alleviates
the incommensurability of thin film thickness with the natural period. Koner-
ipalli and co-workers?! examined the commensurability effect on the thin film
morphology using two dissimilar surfaces (i.e., two surfaces preferring different
blocks). Mixed lamellae were observed when film thickness is close to the natu-

ral period of lamellae, and disappeared upon the removal of one confining surface.

The Monte Carlo simulations done by Kikuchi and Binder® with symmet-
ric surfaces shows a similar commensurability effect with Koneripalli’s work but
later was proved to be a result of the mismatch between the size of natural
period of lamellae and the size of simulation box.® Wang’s simulation3® using
dissimilar surfaces and thick films shows the existence of mixed lamellae,but the

simulation with film thickness close to natural lamellae period did not produce
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a well developed morphology.

Recently SCF calculations were also applied to the study of mixed lamel-

5 used SCF calculation in continuum to search for the mixed

lae. Matsen®
lamellae for symmetric diblock copolymer system. But his work was limited to
the case of symmetric surfaces based on the hypothesis that it is the region where
mixed lamellae will be mostly favored. But symmetric diblock copolymers can
only exhibit symmetric morphologies under symmetric surface preferences, which
is actually contradictory to the asymmetric character of the mixed lamellae
morphologies reported from experiments. Thus the mixed lamellae are preferred
in the region with symmetric surface preferences and as the result his work
concluded mixed lamellae to be unstable. In other efforts to search for the mixed
lamellae, Fasolka?® and Tang?® separately carried out lattice SCF calculations
with diblock copolymer being confined between dissimilar surfaces. Fasolka’s
work suggested a stable mixed lamellae phase, with the same method however
Tang’s work gave an opposite answer. This contradiction partly is due to the low
accuracy of the lattice model. Also all these calculations are two dimensional

SCF calculations which exclude the possibility of formation of three dimensional

structures.

In this study, we use the SCF method in a continuum to study a sym-
metric diblock copolymer system under planer confinement. Our goal is to
find mixed lamellae and to locate the stable region of this morphology by
systematically varying the system parameters such as surface preferences and

film thickness D.
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3.2 Models and Numerical Methods

3.2.1 Self-Consistent Field Calculations

Here we consider symmetric diblock copolymers A-B of chain length N confined
between two flat and impenetrable surfaces placed at z = 0 and D. Assuming
that all polymer segments have the same statistical segmental length a, the SCF

equations stays the same as Eq. (2.5)~(2.9).

éa(r) and ¢g(r) are the density fields of A and B segments, respectively,
and wa (r) and wg(r) are the conjugate fields interacting these species. We use x
to denote the Flory-Huggins interaction parameter between A and B segments
and YN = 15 is used in our calculations, which gives the bulk lamellar period

Lo = 3.714R,, with R, = a+/N/6.

H(r) is a field representing the energetic surface preference for the two
blocks: it is positive when the surface prefers A segments and negative when the

surface prefers B segments. In this section we set

A(1-%) for0<z <7

H(r)=14 0 forr<z<D-71 (3.1)

A1 —2=2) for D—~7<z<D

T

with 7 = 0.2R,, where A; and A, denote the strength of preference for the
lower and upper surfaces, respectively; a positive A-value corresponds to an A-
preferential surface, and a negative A-value for a B-preferential surface. 7(r) is
the (purely imaginary) conjugate field enforcing the generalized incompressibility

condition, Eq. (2.9). According to our previous work,'® for the two impenetrable
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surfaces we use the EXP profile, i.e.,

expldrz /{12 —x2)]— 2
exg{:m%rz—ﬂ;mz foro<z <
do(r) =< 1 forr<z<D-71 (3.2)

expldr(D—z)/(+2—(D—z)?)]-1° .
exp[4-r(D-—:z:)/(‘r2—(D—:z:)2)]+? for D T S z S D.

which ensures good numerical performance of our SCF calculations with the
hard-surface effect. For comparison, we also perform SCF calculation without
the hard-surface effect, where we set @¢o(r) = 1. In either case, ¢ = [ dreo(r)/V

with V = L,L,D being the system volume. Here, we have normalized all the

distance by R, = a+/N/6.

In Eq. (74), fa = 1/2 denotes the volume fraction of the A block in the
copolymer, s € [0,1] is a variable denoting the segmental position along the
chain contour, and the propagator ¢(r,s) corresponds to the probability of
finding a partial copolymer chain of length sV that starts from s = 0 (the A
end) anywhere in the system and ends at position r, which satisfies the modified
diffusion equation (MDE) Eq. (6.8). Similarly, ¢*(r,t) with ¢ = 1 — s corresponds
to the probability of finding a copolymer chain of length tN that starts from
the B-end (where s = 1) anywhere in the system and ends at r, and satisfies

Eq. (2.11).

Two sets of boundary and initial conditions for MDEs, Egs. (2.10) and
(2.11), are used in our calculations: For calculations with the hard-surface
effect, i.e., where Eq. (3.2) is used, we apply the Dirichlet boundary conditions
of g(r,s) = ¢*(r,s) = 0 at £ = 0 and D for all s, together with the initial
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conditions of ¢(r,s = 0) = ¢*(r,t = 0) = 1 at 0 < z < D; for calculations
without hard-surface effects, i.e., where ¢o(r) = 1, we apply the Neumann
boundary conditions of dq(r,s)/dz = 8¢*(r,s)/0z = 0 at £ = 0 and D for
all s, together with the initial conditions of ¢(r,s = 0) = ¢*(r,t = 0) = 1
at all r. For multi-dimensional calculations, periodic boundary conditions are

applied in the y and z directions. Finally, the single-chain partition function

Q = [drg(r,s =1)/V.

With the Dirichlet boundary condition (i.e., with the hard-surface effect),
we perform two-dimensional calculations and solve MDEs, Egs. (2.10) and
(2.11), using the fourth-order implicit-explicit scheme;3” in such cases, the
confined dimension is uniformly discretized into 64 subintervals with the fast
sine transforms (FST) being applied. With the Neumann boundary condition
(i.e., without the hard-surface effect), we perform three-dimensional calculations
and solve MDEs using the split-step pseudo-spectral method;® in such cases, all
the three dimensions are uniformly discretized into 64 subintervals, and the fast
cosine transforms (FCT) are used in the confined dimension. In all cases, the
fast Fourier transforms (FFT) are used in the unconfined dimension(s), the chain
contour length is uniformly discretized into 256 steps, and the recently proposed
semi-implicit scheme3 is used to iterate the SCF equations, Egs. (2.5)~(2.9),
till the the maximum residual error at all collocation points r, max{|[wa(r) —
wa(r)l/(2XN) + ¢o(7)/2 — ¢B(x)l, llws(r) — wa(r)l/(2xN) + ¢o(z)/2 — Pa(r)l},
is less than €; we take ¢ = 107° in all calculations. We also evaluate all integrals
using the Romberg integration.® These give an accuracy of < 1072 in our f..
Finally, we minimize f, with respect to the unconfined dimension(s) in each

calculation.
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Once the SCF equations are solved, the mean-field free energy (of mixing)
per chain of length N can be calculated as f. = fu + fas + fst. Here the elastic

energy per chain associated with chain conformational entropy is given by

fa= —qg—olv— / drfuwa(r)éa(r) + wa(r)ga(r)] - nQ (3.3)

the A-B repulsion per chain is

N
fan =27 [ dron(eents) (3.4)
¢V
and the surface energy per chain is fis = —A;S; — AuSu, where the surface area

per segment at the lower surface

S = %LV /0 "do /0 "y /0  dz (1= D) po@i2datm -1 (39)

and that at the upper surface

S, = %17 /D]i dz /OLy dy /OLZ dz (1 - Df) bo(D2Ba(r) —1]  (36)

with the reduced segmental density field of A segments ¢a(r) = ¢a(r)/do(r);

note that a positive S-value corresponds to an A-dominant surface and a negative
S-value for a B-dominant surface. The balance among fag, fa and fs (in order

to minimize f;) determines the stability of various morphologies obtained.
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We further define the reduced A-B interfacial area per segment as

- 1 - -
S = = / drga(e)[1 — a(r)] (3.7)

and quantify the surface-induced A-B compatibilization by fag — xNV Sap < 0.
According to our previous study,'® for confined symmetric diblock copolymers,
the surface-induced A-B compatibilization is opposite and comparable in mag-
nitude to the entropic aspect (enrichment of chain ends and depletion of middle

segments near a hard surface) of the hard-surface effect.

3.2.2 Chain-End Distribution

We define the distribution function of the (sN)* segment of a diblock copolymer

chain as
_ (EOQ(ra S)Q(rv 1 - 5)
p(r,s) = Qo) (3.8)

and p(r,0) and p(r,1) give the A-end and B-end distribution respectively, that

can be calculated after the SCF equations are solved.

3.3 Lo-Thick Film Between Dissimilar Surfaces

In this Section, we first present our 2D SCF calculations for symmetric diblock
copolymers confined between two dissimilar surfaces (i.e., preferring different
blocks) separated at D = Lo with the hard surface effect, where several mixed
morphologies are found as the surface preferences are varied. We then compare
them with 3D SCF calculations without the hard surface effect, where a novel

3D mixed morphology is obtained.
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3.3.1 Results with Hard-Surface Effect
Stable Morphologies

Six stable morphologies have been found using our 2D SCF calculations with the
hard surface effect, as shown in Fig. 3.1(a). We use the symbol || to represent
perpendicular lamellae, which retains the bulk period Ly. Note that the A-B
interfaces in || are not flat (except when A; = A, = 0) but undulated due to
the surface preferen(':e.”’v23 =(1) and =(1.5) denote parallel lamellae with 1
and 1.5 periods, respectively. T; represents the mixed lamellae with one A-B
interface parallel to the surfaces, where the B-rich region is continuous with
isolated A-domains near the upper surface. This morphology has been observed
in experiments and lattice SCF calculations by Fasolka et al.? as a stable phase.
Fig. 3.2(a) shows that the lateral period of T, is slightly larger than L, and
decreases with increasing upper surface preference for the B block; A; has little

effects on the lateral period of T; (data not shown).

Ty represents another type of mixed lamellae where the A-B interface parallel
to the surfaces in T, is now absent; that is, the A-rich region is continuous in
To with isolated B-domains. Ty was referred to as the “full capping” perpen-
dicular morphology by Morkved and Jaeger,®® who used the strong-stretching
theory to study the stability of various morphologies in symmetric diblock
copolymer thin films (unfortunately not To); the energy cost of forming the
“full capping” was estimated by Witten using the strong stretching theory.3%
Using SCF calculations in reciprocal space, Masten!® searched for T, between
identical surfaces and concluded that it is unstable. Fasolka et al.?? obtained T

as a stable phase between similar surfaces preferring the same block at D < Lg/2.
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We also obtain the morphology of “double mixed lamellae” represented by
2T, which has parallel lamellar orientation near both surfaces but perpendicular
in the middle of the film. In this morphology, the A-rich and B-rich regions are
bicontinuous and separated by one A-B interface. 2T can be considered as two
Ty structures pieced together, and has not been reported before. Finally, both

Ty and 2T retain the bulk period L.

Phase Diagram

Figure 3.1(b) shows our phase diagram for symmetric diblock copolymers
confined between two homogeneous, parallel and impenetrable surfaces sepa-
rated at D = Lo, where the upper surface prefers the B block and the lower
surface prefers the A block (i.e., A; > 0 and A, < 0). The origin corresponds
to two neutral surfaces, and the diagonal line represents the antisymmetric
surfaces preferring different blocks with the same strength. The phase dia-

gram is symmetric about the diagonal line and thus only the upper part is shown.

As the surface preference increases, more segments preferred by the sur-
face are drawn to it; the A-B interface close to the surface is therefore changed
accordingly. This intuitive argument can be used to qualitatively understand
the occurrence of various morphologies in the phase diagram. For example, as
both surface preferences increase (e.g., along the direction of the diagonal line
in Fig. 3.1(b)), the undulation of the A-B interfaces in || becomes larger; the
A-B interfaces are eventually connected and depart from the surfaces, resulting
in the morphological transitions of || — Ty (in the case of asymmetric surfaces

where A; # —A,) — 2T, which are of the second order as elaborated in detail
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below. With further increase of (either or both) surface preference, the highly
tortuous A-B interface in 27T is squeezed further to the interior of the film and
finally transformed to three flat interfaces, leading to the formation of =(1.5).
On the other hand, at a strong lower surface preference for the A block A; (e.g.,
along the vertical line at A; = 25 in Fig. 3.1(b)), with increasing upper surface
preference for the B block the protrusion of B segments through the upper
A-rich layer results in the transition of =(1) — T;. With further increase of the
upper surface preference, which pushes the isolated A-domains towards the lower
surface, the A-rich regions are eventually connected, resulting in the transition
of T, — Ty. Finally, the transitions of Ty — 2T — =(1.5) along this path are

similar to those along the diagonal path.

The above intuitive explanation, however, is not quantitative and unam-
biguous. In the following, we compare the free energies and their components of
these morphologies along several paths in the phase diagram to quantitatively

elaborate the transitions among various morphologies.

At Constant Upper Surface Preference

Between two neutral surfaces (A; = A, = 0), || is more stable than =(1) in the

1519 je., the

Lg-thick film due to the surface-induced A-B compatibilization,
decrease of polymer density near the impenetrable surfaces reduces the A-B
repulsion and thus favors || with more A-B interfaces near the surfaces over =(1).
As A, increases (with A, = 0), =(1) becomes stable for A; 2 1.4 due to its fa-
vorable surface energy at the lower surface. This small A;-value at the transition

indicates that the hard-surface effect is fairly weak; our previous study shows

that it is on the order of a few percent of kzT per chain.!® The surface-induced
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A-B compatibilization therefore cannot maintain the perpendicular orientation
of A-B interfaces near the upper neutral surface when an A-rich parallel layer
forms near the lower preferential surface. In other words, for Lo-thick films
between one neutral and another preferential surfaces, mixed lamellae with
different orientations of A-B interfaces are not stable due to the large free-energy

penalty at the T-junction where the different orientations meet.

As the upper surface preference for the B block increases from 0 (i.e., at
A, < 0), in addition to the surface-induced A-B compatibilization, || further has
lower surface energy at the upper surface than =(1). This requires larger A; at
the transition and explains the negative slope of the phase boundary between
|| and =(1) as shown in Fig. 3.1(b). Due to the increased undulation of A-B
interfaces with increasing A;, the A-B interfaces are eventually connected and
depart from the lower surface, leading to the formation of T before the transition
to =(1) occurs. This is the case around A, = —7 as shown in Fig. 3.1(b), where

T, appears as a stable phase in a small window between || and =(1).

Fig. 3.3 compares the free energies and their components of ||, Ty and
=(1) at A, = —7. We see that =(1) has the lowest elastic energy per chain fq
associated with chain conformational entropy, but the highest surface energy
per chain fi due to the unfavorable surface-copolymer interactions at the upper
surface. || has lower A-B repulsion per chain fap than =(1) due to the surface-
induced A-B compatibilization. The inset of Fig. 3.3(b) shows the reduced
A-B interfacial area per segment Sap for these morphologies. In contrary to
the perception of strong stretching theory, Sxp for =(1) varies (decreases) with

increasing A;, and || can have smaller Sy than =(1) (for A; < 9.4) despite of its
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undulated A-B interfaces. Even when || has larger Sag, its fag is still smaller
than =(1) due to the surface-induced A-B compatibilization. As A; increases,
the stronger segregation of A segments to the lower surface (data not shown)
leads to the decreased fap and increased fq in =(1), as well as the decreased f
in all the morphologies. On the other hand, the increased fap in || and Ty with
increasing A; is due to the increased Sxp as shown in the inset of Fig. 3.3(b), and
their decreased f, is mainly due to the depletion of A-B joints from the lower
surface, the distribution of which closely following the A-B interfaces (data not

shown).

Finally, as shown in Fig. 3.1(b), there exists a limiting value of A, ~ —7.2;
at stronger preference of the upper surface for the B block, =(1) is no longer
the stable morphology no matter how strong the (short-ranged) lower surface
preference for the A block is. This is explained below as we discuss the T,

morphology.

Between Antisymmetric Surfaces

Figure 3.4 compares the free energies of various morphologies (||, 2T, and
=(1.5)) found between antisymmetric surfaces (i.e., A; = —A,). This case can be
compared with that shown in Fig. 3.3. As expected, =(1.5) has the highest fap
due to its large Sap, but the lowest f, mainly due to its small lamellar period
(chain-stretching) and the lowest fi due to its favorable surface-copolymer
interactions at both surfaces. Similar to the results shown in Fig. 3.3, as the
surface preferences increase, the stronger segregation of A and B segments to
the corresponding surfaces leads to the decreased fag in =(1.5) and decreased

fs¢ in all the morphologies (data not shown), as well as the increased fq in both



3. Complex Morphologies in Thin Films of Symmetric Diblock Copolymers 58

=(1.5) and 2T (for A; = —A, 2 14.5). On the other hand, the increased fag
in || and 2T with increasing surface preferences (data not shown) is due to the
increased A-B interfacial area Sap (i.e., undulation of A-B interfaces), and their
decreased fq (up to Ay = —A, = 14.5) is mainiy due to the depletion of A-B
joints from the surfaces. Owverall, the delicate balance among A-B repulsion,
chain conformational entropy and surface energy determines the stable regions
of these morphologies. In particular, the stability of 2T over =(1.5) (for
125 S Ay = —A, < 19.8) is due to its smaller Syg. This is different from the

case shown in Fig. 3.3, where the lower f of Ty is critical to its stability over =(1).

Fig. 3.5 shows the A-B interfaces in ||, 2T, and Ty,. The A-B interfaces
in || (eg., at A = —A, = 10) are antisymmetrically undulated due to the
surface preferences, and the undulation becomes larger with increasing surface
preferences. At A; = —A, = 12.5, the two A-B interfaces are connected right at
the surfaces. With stronger surface preferences (e.g., at A; = —A, = 15), the
connected A-B interface departs from both surfaces forming the 2T morphology.
The transition between || and 2T is therefore of the second order, as indicated

by their free energies shown in Fig. 3.4.

From the critical point A; = —A, = 12.5, as the upper surface preference
for the B block decreases (e.g, at A; = 12.5 and A, = —11), the connected A-B
interface breaks and intersects the upper surface. Interestingly, the A-B interface
near the lower surface remains connected and departs from it, resulting in the
Ty morphology. This indicates that the A-B interfaces near the two surfaces are
correlated, and explains the negative slope of the phase boundary between || and

Ty shown in Fig. 3.1(b); the transition between these two morphologies is of the
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second order, as indicated by their free energies shown in Fig. 3.3. The same
applies to the transition between T, and 2T, i.e., increasing the lower surface
preference for the A block from the critical point also leads to the formation of
To. Our data indicate that, at the critical point, the phase boundary between ||
and Ty and that between Ty and 2T shown in Fig. 3.1(b) both have a slope of

about —1.

At Constant Lower Surface Preference A; = 25

Figure 3.6 compares the free energies of various morphologies at A; = 25, where
all the morphologies except || are obtained as the upper surface preference
for the B block is increased from 0. =(1) forms at a neutral or weak upper
surface preference due to its favorable surface energy at the lower surface;
this morphology also retains the bulk lamellar period at the (small) cost of

unfavorable surface energy at the upper surface (when A, < 0).

At a stronger upper surface preference for the B block (ie., Ay S —7.2),
T, replaces =(1) as the stable phase. This morphology has some B segments
present near the upper surface, while maintaining an A-rich parallel layer near
the lower surface due to its strong preference for the A block. On the other hand,
this A-rich layer effectively screens the strong preference of the lower surface;
the phase boundary between T; and =(1) is therefore almost independent of
A;, as shown in Fig. 3.1(b). This also explains why A; has little effects on the
lateral period of T;. We further note that the parallel A-B interface in T} is not
perfectly flat, as shown in Fig. 3.1(a), due to the shape of the isolated A-domains
near the upper surface. From the free-energy components of T; and =(1) shown

in Figs. 3.6(b)—3.6(d), we see that fap of both morphologies increase and fq
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decrease with increasing upper surface preference |A,|, due to the increased
A-B mixing as more B segments are drawn to the upper surface. On the other
hand, while fi of T; decreases with increasing |A,|, that of =(1) exhibits a
maximum at A, = —9.75. The inset of Fig. 3.6(d) shows how the surface area
per segment at the upper surface S, varies with A,; clearly, for =(1) the more
rapid decrease of S, with increasing |A,| at larger |A,| leads to the maximum in
its foif = —AyS; + |A4]Sy (S is almost independent of A, for both morphologies).

Overall, the stability of T; over =(1) is mainly due to its smaller S,,.

As the upper surface preference for the B block further increases, T; is
replaced by Ty at A, S —12.7. Fig. 3.6(e) shows how the free-energy differences
between these two morphologies vary with A,. Ty has more B segments present
near both surfaces than T; (i.e., To has lower S, and S;; data not shown), and
the difference Afy; = f;f" - fg;l is negative and almost constant; the balance
between chain elastic energy fo and A-B repulsion fap therefore determines their
stability. While Ty has smaller Sag (data not shown) and thus lower fag than T,
it has higher f¢. Overall, however, the difference in f, between these two mor-

phologies is fairly small (less than 0.0092 k5T per chain in all of our calculations).

The B-rich region near the upper surface in Ty enlarges with increasing
upper surface preference for the B block. At A, =~ —15.0, the adjacent A-B
interfaces are connected and depart from the upper surface, and Tq continuously
transforms into 2T, as discussed above. Finally, at A, < —16.8, =(1.5) becomes
more stable than 2T due to its lower fe and fi¢. We note that the difference in
fe between 2T and =(1.5) is also fairly small (less than 0.0109 kT per chain in

all of our calculations).
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3.3.2 Results without Hard-Surface Effect
Phase Diagram

Figure 3.7 shows our phase diagram obtained from 3D calculations without
the hard-surface effect (i.e., @o(r) = 1). Several differences are found between
this phase diagram and that shown in Fig. 3.1(b): First, the stable region of
perpendicular lamellae, which are stabilized mainly by the surface-induced A-B
compatibilization, shrinks significantly in Fig. 3.7. Without the hard-surface
effect, || is no longer stable at A, = 0, except between two neutral surfaces where
it degenerates with =(1). As shown in Fig. 3.7, || is stable only when the two

surfaces are nearly antisymmetric with weak preferences.

Second, the absence of the hard-surface effect also makes 2T and Ty un-
stable in Fig. 3.7. As indicated in Figs. 3.4 and 3.6, the free-energy differences
between 2T, Ty and =(1.5) are fairly small (less than 0.0263 kT per chain)
and comparable to the hard-surface effect.!® Therefore, although 2T and T, are
obtained in our calculations without the hard-surface effect, they are no longer

stable over =(1.5) as explained in detail below.

Third, the A-values in Fig. 3.7 are different from those in Fig. 3.1(b), due
to the different functional forms of ¢o(r) used. The surface energy per chain can
be re-written as fur = — [ drH(r)¢o(r)[2¢a(r) — 1]/@oV, from which the effects
of different choices of ¢(r) on the A-values are clear: Under the assumption
that the reduced density field of A segments ¢4 (r) remains unchanged for the
same morphology, a larger A-value is needed in Fig. 3.1(b) (where Eq. (3.2)

is used for the hard-surface effect) in order to achieve the same fi as that in
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Fig. 3.7 (without the hard-surface effect); the exact correspondence between the

A-values in these two cases also depends on @4(r) (i.e., the morphology).

The most important difference between our 2D and 3D calculations, how-
ever, is that a 3D structure of mixed lamellae, T} (3D) as shown in Fig. 3.8(b),
is found to be stable; accordingly, we refer to the T; morphology obtained
in our 2D calculations as T;(2D) hereafter. Similar to T;(2D), T1(3D) has a
parallel A-B interface near the lower surface, and B segments in the middle of
the film also protrude through the upper A-rich layer to reach the upper surface
preferring B segments. In T;(3D), however, these protrusions form héxagonally
packed, circular B-domains near the upper surface, instead of B-stripes in
T1(2D) as shown in Fig. 3.8(a). We have not found the similar morphology with

circular A-domains near the upper surface.

In our 3D calculations without the hard-surface effect, both T,(2D) and
T1(3D) are stable phases as shown in Fig. 3.7, where the dotted line represents
the phase boundary between T1(2D) and =(1). We therefore see that T;(3D)
replaces and even enlarges most of the stable region of T1(2D). Finally, since the
A-rich parallel layer near the lower surface effectively screens the lower surface
preference, all the phase boundaries between the mixed morphologies (T;(2D)
and T(3D)) and the parallel lamellae (=(1) and =(1.5)) are nearly independent
of A;. Unlike T4(2D), the lateral period of T;(3D) is significantly larger than L,

as shown in Fig. 3.2(b), which is nearly independent of A;.
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Free-Energy Comparisons

Here we quantitatively compare the free energies and their components for
various morphologies obtained along three paths in the phase diagram shown in

Fig. 3.7.

Fig. 3.9 compares the free energies of ||, =(1), =(1.5) and 2T between an-
tisymmetric surfaces (A; = —A,). =(1) is unstable due to its larger S, than ||;
in other words, the undulation of A-B interfaces in || makes it stable over =(1).
As the surface preferences increase, the phase transition of ||— 2T is still of the
second order as discussed above. =(1.5), however, replaces || as the stable phase
before this transition occurs. The stability of || and 2T over =(1.5) is solely due
to their lower A-B repulsion per chain fag. Without the surface-induced A-B
compatibilization, however, this advantage is not enough to compensate for their
higher fi and elastic energy per chain fq as the surface preferences increase.
Effectively, the f.-curve for || and 2T in Fig. 3.4(a) is shifted upwards (relative to
that of =(1.5)) when the hard-surface effect is absent; 2T is therefore no longer
stable against =(1.5) in Fig. 3.9. While the hard-surface effect is weak (only
a few percent of kgT per chain), it is comparable to the free-energy difference

between 2T and =(1.5) and can thus affect their relative stability.

Similarly, the hard-surface effect can also affect the relative stability of Ty
and =(1.5). Fig. 3.10 compares the free energies of =(1), =(1.5), T1(2D) and
To at A; = 9. Again, the absence of surface-induced A-B compatibilization
effectively shifts the f.-curves for T1(2D) and Ty in Fig. 3.6(a) upwards (relative

to those of =(1) and =(1.5)); T, is therefore no longer stable over =(1.5) in
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Fig. 3.10. As the upper surface preference for the B block increases to |A,| = 8,
Ty is continuously transformed into 2T, which is also unstable against =(1.5) as

explained above.

Finally, Fig. 3.11 compares the free energies of =(1), =(1.5), T1(2D) and
T1(3D) at A; = 15. As discussed above, fap of =(1) and both mixed mor-
phologies increase and fq decrease with increasing upper surface preference
|Ay|, due to the increased A-B mixing as more B segments are drawn to the
upper surface. In the case of =(1.5), however, A-B mixing is actually reduced as
more B segments are drawn to the upper surface, and we thus see the opposite
trends. The behaviors of fi of these morphologies are similar to those shown in
Fig. 3.6(d) and can be understood accordingly. On the other hand, the mixed
morphologies exhibit intermediate values between =(1) and =(1.5) in all three
free-energy components, indicating that their formation is due to the subtle
balance among these factors. In particular, the stability of T;1(2D) and T;(3D)
over =(1.5) is due to their smaller Sap, while their stability over =(1) is mainly
due to their smaller S,. Furthermore, the stability of T1(3D) over T;(2D) is due
to its smaller S'AB. To the best of our knowledge, T;(3D) has not been reported

before.

3.4 Effects of Film Thickness

In the previous section, we have examined in detail the structure and stability
of various morphologies in Lo-thick films confined between dissimilar surfaces.
In particular, while the formation of 2T and Ty is affected by the hard-surface

effect, T1(2D) and T,(3D) are not. We therefore investigate in this Section
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the effects of film thickness on various morphologies of symmetric diblock
copolymers confined between dissimilar surfaces, with a strong preference of the

lower surface for the A block (i.e., A; = 15) and without the hard-surface effect.

Figure 3.12 shows the phase diagram as a function of upper surface pref-
erence for the B block A, < 0 and the film thickness D. As D increases from Ly,
the stable regions of =(1) and mixed morphologies (T(3D) and T;(2D)) shrink
while that of =(1.5) grows, and at D 2 1.22Ls =(1.5) becomes the only stable
morphology. Fig. 3.13 shows how the free energies and their components for
the parallel lamellae (=(1) and =(1.5)) and mixed morphologies vary with D at
A, = —3.3, where T1(2D) is unstable. As in the case of D = L, discussed above,
the mixed morphologies have intermediate values between =(1) and =(1.5) in all
the free-energy components, indicating that their formation is due to the subtle
balance among these factors. In both parallel lamellae, increasing D leads to
stronger segregation between A and B segments (thus decreasing A-B repulsion
per chain fag) and stronger chain-stretching (thus increasing elastic energy per
chain fg). While the upper surface-copolymer interfacial area per substrate
area S, D in =(1) slightly increases with increasing D due to the stronger A-B
segregation (thus more A segments present near the upper surface), S,D in
=(1.5) decreases due to more B segments present near the upper surface. The
latter also occurs more noticeably in both T;(2D) and T;(3D) as shown in
Fig. 3.13(d), due to the alleviated frustration (thus decreased f;) in the mixed
morphologies with increasing D, which effectively makes the upper surface
more preferential to the B block in the mixed morphologies; the transitions
of =(1)>T;(3D) and T;(3D)—T;(2D) therefore occur at smaller |A,| with

increasing D, as shown in Fig. 3.12.
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As D further increases towards 2L,, =(1.5) is replaced by =(2) at small
|A.| < 2.25 and by =(2.5) at large |A,| 2 6.1. Compared to =(1.5), =(2) has
lower fq but higher fag and fi. The unfavorable surface energy at the upper
surface in =(2) makes it less stable as the upper surface preference for the B
block |A,| increases; the phase boundary between =(1.5) and =(2) shown in
Fig. 3.12 therefore has a negative slope. On the other hand, the phase boundary
between =(1.5) and =(2.5) (at D = 1.925L,) is virtually independent of A,,
because their f;; are almost identical and their difference in fap is nearly
constant; D (i.e., fq) is therefore the only factor determining their relative

stability.

At intermediate upper surface preference for the B block (i.e., 2.25 < |A,] < 6.1),
=(1.5) is replaced by T1(2D) as D increases towards 2Ly. This T;(2D) structure
shown in Fig. 3.8(f), compared to that at D =~ Lo shown in Fig. 3.8(a), has
prolonged perpendicular A-B interfaces in the film, which help to alleviate
the frustration in the mixed morphology. As shown in Fig. 3.2(a), the period
of T1(2D) at D = 2Lg is closer to the bulk lamellar period Lo than that of
T1(2D) at D = Lo. This is because the free-energy penalty at the end-cap of
the T-junction in T;(2D) is alleviated with increasing D; the upper part of the
film therefore resembles more like the perpendicular lamellae with Lo. Some
undulations of perpendicular A-B interfaces, however, are still seen near the

upper surface due to its preference for the B block.

While T;(2D) is the only stable mixed morphology we have found at D = 2L,

To(2D), T3(2D) and T3(3D) were also obtained in our calculations, as shown
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in Figs. 3.8(g)~3.8(i) respectively, and their lateral periods are shown in
Fig. 3.2. T(2D) has two parallel A-B interfaces in the lower part of the film
and continuous A-domains in the upper part of the film, while T3(2D) has three
parallel A-B interfaces in the lower part of the film and continuous B-domains in
the upper part of the film. T3(3D) has three parallel A-B interfaces in the lower
part of the film, and hexagonally packed circular B-rich domains protruding
through the upper A-rich layer to reach the upper surface preferring B segments.
The upper half of T3(2D) and T3(3D) is very similar to T1(2D) and T;(3D),

respectively, found -at D = L.

Figure 3.14 shows how the free energies and their components for the par-
allel lamellae (=(2) and =(2.5)) and four mixed morphologies (T1(2D), T2(2D),
T3(2D) and T3(3D)) vary with A, at D = 2Lp. These results are analogous to
those in the D = Lg case shown in Fig. 3.11 and can be understood accordingly.
Overall, the stability of T;(2D) over =(2.5) is due to its smaller Syp, while
its stability over =(2) is mainly due to its smaller S,, as in the D = Lo case.
However, T5(2D), T3(2D) and T3(3D) are all found to be unstable at D = 2L,.
In particular, the advantage of the 3D mixed morphology T3(3D) in fap over
T1(2D) shown in Fig. 3.14(b) is less significant than that of T;(3D) in the
D = Lg case shown in Fig. 3.11(b), since there are three parallel A-B interfaces
in T3(3D). Similarly, within the stability window of T{(2D) at D = 2L,
(3.05 < |A4| < 3.55), To(2D) and T3(2D) have higher fap than T;(2D). Finally,
T1(2D) has the additional advantage in S, over other mixed morphologies, due
to its prolonged perpendicular A-B interfaces which alleviate the free-energy

penalty of the T-junctions.
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3.5 1.5Ly-Thick Film Between Similar Surfaces

As shown in Fig. 3.12, =(1.5) is the only stable morphology in thin films confined
between two dissimilar surfaces separated at D ~ 1.5Lg. For such film thickness,
it would be more interesting to investigate the phase behavior of symmetric
diblock copolymer thin films confined between two similar surfaces preferring
the same block. In this Section we set D = 1.5Ly and A; = 15, and vary the

upper surface preference for the A block A, > 0.

In addition to parallel lamellae of =(1.5) and =(2), three mixed morphologies
(T1(2D), T2(2D), and T,(3D)) as shown in Fig. 3.8(c)~3.8(e) are found in our
calculations. Figure 3.15 shows how the free energies and their components for
these morphologies vary with A,. These results are again analogous to those
in the D = Ly case shown in Fig. 3.11, except that =(1) and =(1.5) in that
case are replaced by, respectively, =(1.5) and =(2) here due to the different film
thicknesses and the upper surface preferences for different blocks. Accordingly,
T1(3D) in that case is replaced by T;(3D) here. Comparing Figs. 3.11(a) and
3.15(a), we see that the overall stable region of mixed morphologies shrinks as
D increases, consistent with the phase diagram shown in Fig. 3.12. In addition,
the stable region of T,(3D) is much smaller than that of T,(3D), giving way to
T,(2D). This is again consistent with Fig. 3.12. On the other hand, T2(2D) is
found to be unstable against T1(2D) due to its higher fap (one more parallel
A-B interface) and fis (more B segments present near the upper surface because
the T-junctions are closer to it). This is consistent with the T:1(2D) and T»(2D)

shown in Fig. 3.14.
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Finally, we note that the mixed morphologies at different D are closely
related. For example, as shown in Fig. 3.8, T9(2D) at D = 1.5L, can be regarded
as adding a parallel A-B lamella to the lower part of To(2D) at D = Lo, then
with the A and B in the entire structure switched to comply with the strong
lower surface preference for the A block; repeating this one more time results
in T3(2D) at D = 2Ly. We further note that the lateral periods of these three
morphologies are close to each other, as shown in Fig. 3.2(a). The same applies
to the group of T1(2D) at D = 1.5Ly and T2(2D) at D = 2L, and that of all

the 3D mixed morphologies shown in Fig. 3.8.

3.6 Conclusion

We have conducted a comprehensive study on the phase behavior of symmetric
diblock copolymers under planer confinement. With the so-called hard-surface
effect considered, our two-dimensional calculations show that mixed lamellae
T1(2D), Ty and 2T can be stable under certain conditions. Our study unveils the
intricate interplay of A-B repulsion, surface preference and chain entropy. Each
stable morphology results from delicate balance among these effects. While the
T,(2D) structure was also reported by Fasolca et al., Tg and 2T are new mor-
phologies not reported by other and deserve a closer study by both experiments
and molecular simulations. The formation of these two structures is due to the
hard-surface effects preferring more A-B mixing near the surfaces. But the hard-
surface effects are only profound when the confining surfaces are neutral or have
weak preference. This means that with stronger surface preference the two struc-
tures become less stable. This trend can be seen from Figure 3.1(a), where the

stable regions of Ty and 2T shrink to the right of the diagram. Quite oppositely,
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the stable region of T1(2D) expands as A4 becomes even more mismatched with
Ap, and this tells that the formation of T1(2D) structure has nothing to do with
the hard-surface effects but instead due to the mismatch of the two surface pref-
erences. We therefore also performed 3D calculations without the hard-surface
effects, where novel three-dimensional structures corresponding to the T:1(2D) in

the 2D calculations are found.
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(a)

o
=1

(b) !

Fig. 3.1: (a) Phase diagram for symmetric diblock copolymers confined between two
parallel and impenetrable surfaces, at xN = 15 and D = Ly, obtained from 2D
Dirichlet B.C. calculations. The lower surface prefers A and the upper surface
prefers B. (b) Typical density profiles of various morphologies at different
surface preference. || (A; = 5,A, = —5); = (1) (A; = 10,A, = —10); T
(A; = 20,Ay = —10); Tp (A; = 15,Ay = —10); 2T (A, = 17, Ay = —17);
= (1.5) (A; = 25,A, = —25). The scale bar corresponds to ¢g(r)/¢o(r),
and the solid curves mark the A-B interfaces (where ¢a(r) = ¢g(r)) in each
morphology. See text for details.
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Fig. 3.2: (a) The periods of two dimensional mixed morphologies are slightly larger
than the bulk lamellar period Lg and vary with the preferential strength of the
surfaces. (b) The periods of three dimensional morphologies are significantly
larger than the bulk lamellar period Lo, same as in two dimensional mixed
morphologies they also vary with the preferential strength of the surfaces.
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Fig. 3.3: (a) Free energies and their components comparison of ||, To and =(1) at
A, = —7. The vertical line represents the phase boundary, and the stable
morphology (having the lowest free energy) is indicated in each region.
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chain entropy (Afg), A-B interactions (A fap) and block-surface interactions
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ary.
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Fig. 3.7: Phase diagram for symmetric diblock copolymers confined between two paral-
lel and impenetrable surfaces, at x N = 15 and D = Lg, obtained from three
dimensional calculations without considering the hard-surface effects. The
lower surface prefers A and the upper surface prefers B.
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(@) T,(2D) (b) T,(3D)
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(D T,(2Dy (g) T,(2D) (h) T,(2D) (1) T,(3D)

Fig. 3.8: Density profiles of the mixed morphologies found from three dimensional
calculations without hard-surface effects: (a) A; = 15,A, = —6 (b) A; =
15,Ay = —5 (c) Ay = 15,A, =4 (d) A; = 15,Ay = 3 () A; = 15,A, = 3
(f) Ay = 15,A, = -3 (g) Ay = 15,A, = =3 (h) A; = 15,A, = -3 (i)
Ay =15,A, = —3.
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Fig. 3.10: Free energies of morphologies obtained with A; = 9 where Ty and 2T are

observed but no longer stable.
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286 T T

3.051 T 1 T.(2D)

Fig. 3.11: (a) Free energy comparison of various morphologies obtained at A; = 15.
The vertical line represents the phase boundary, and the stable morphology
(having the lowest free energy) is indicated in each region. (b), (c), (d) Com-
pares the free energy components fan, fe and fi of different morphologies
obtained at A; = 15.
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Fig. 3.12: Phase diagram for symmetric diblock copolymers confined between two par-
allel and impenetrable surfaces, at xN = 15 and A; = 15, obtained from
three dimensional calculations without hard-surface effects. The lower sur-
face prefers A and the upper surface prefers B.
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(a) Free energy comparison of various morphologies obtained at A; = 15,
A, = —3.3 with film thickness varied from Ly to 1.2Lg. The vertical line
represents the phase boundary, and the stable morphology (having the low-
est free energy) is indicated in each region. (b), (c¢) compares free energy
components fag, fe. (d) shows the surface area per segment near the upper

surface.
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Fig. 3.14: (a) Free energy comparison of various morphologies obtained at A; = 15,
D = 2Lgy. The vertical line represents the phase boundary, and the stable
morphology (having the lowest free energy) is indicated in each region. (b),
(c), (d) compares free energy components fap, fe and fgf of these mor-
phologies. (e) shows the surface area per segment near the upper surface
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Fig. 3.15: (a) Free energy comparison of various morphologies obtained at A; = 15,
D = 1.5Lp. The vertical line represents the phase boundary, and the sta-
ble morphology (having the lowest free energy) is indicated in each region.
(b), (c), (d) compares free energy components fap, fa and fef of these
morphologies.
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4. SELF-ASSEMBLY OF DIBLOCK COPOLYMERS ON
NANO-PATTERNED SUBSTRATES

4.1 Introduction

Establishing a robust and versatile nanopatterning process has been a central
issue in nanotechnology.! Molecular selfassembly has several advantages
over other methods, in that molecular building blocks ensure ultrafine pattern
precision, parallel structure formation allows for mass production, and a variety
of three-dimensional (3D) structures are available for fabricating complex
structures.* Block copolymers are representative such self-assembling materials

12 In contrast to colloid assembly or

extensively utilized in nanofabrication.
anodized metal oxides, various shapes of nanostructures, including lines or
interconnected networks, can be generated with a precise tunability of shape and
size. However, the interaction for block copolymers self-assembly generally relies
on weak forces such as van der Waals forces and hydrogen bonding'? that are
readily influenced by thermal fluctuation. As a result the structure formation
is usually slow and the degree of ordering is low in an assembled structure. To
promote self-assembly and as well to modify the block copolymer nanostruc-
tures, pre-defined guiding patterns containing chemical and/or nanostructured

topographical contrast are typically used. These approaches provide additional

driving forces for structure formation as well as guiding the assembly of block
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copolymers such that a highly ordered assembled structure is expected over an

arbitrarily large area.

In collaboration with experimental investigations, in the following two sec-
tions, we will study from a computational standpoint the bending property
of lamellae resulting from directed assembly of symmetric diblock copolymers
(DBC) using topographic guiding patterns; and novel complex structures formed

by cylinder forming DBC on chemical patterned flat substrate respectively .

4.2 Bending of Lamellar Microdomains of Symmetric Diblock

Copolymers on Topologically Nano-Patterned Surfaces

For lamellae forming symmetric diblock copolymers, it is well known that without
any guiding patterns, the lamella microdomains give fingerprint-like surface pat-
terns on non-selective substrates as reported previously with a variety of model
diblock copolymers. The fact that this fingerprint-like pattern contains many
regions of high curvature of bent lamellae suggests the energetic cost of lamel-
lae bending maybe relatively small. Nealey et al.}* reported that the lamellar
microdomains of PS-b-PMMA follows faithfully the lithographically predefined
surface patterns of chemical contrast. They showed that bent block copolymer
lamellae could be obtained when homopolymers were added to the copolymer.
More recently, Wilmes et al. examined the extent to which patterns with differ-
ent curvatures can be created within the same block copolymer thin films. They
showed that the lamellae conform to patterns with radii of curvature equal to the
equilibrium domain spacing. In this section, using self-consistent field calculation

we report our investigation on the collective bending property of lamellae result-
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ing from directed assembly of symmetric diblock copolymer using topographic
guiding patterns. The topographic guiding patterns are designed as elbows with

varying corner angles as shown in Figure 4.1.

4.2.1 Self-Consistent Field Calculations

The SCF equations are given by Eq. (2.5)~(2.9), with the replacement of ¢o(z)
by ¢o(r) in Eq. (2.9) due to the two dimensional confinement considered here.
The chain propagators ¢(r,s) and ¢*(r,t) satisfying Eq. (6.8) and Eq. (6.9)
respectively. Since our computational study is carried out in collaboration
with experimental investigations, all the parameters required by the calculation
are estimated based on the information provided by experiments where sym-
metric diblock copolymer of poly(methyl methacrylate), poly(styrene-b-methyl
methacrylate) (PS-b-PMMA) is used. The formula y = 0.028 + 3.9/T 15 is used
to estimate the Flory-Huggins parameter at the annealing temperature T in
units of Kelvin. For the symmetric PS-b-PMMA diblock copolymers used in
experiments, assuming the same statistical segment length of a 0.66 nm and
bulk density for both PS and PMMA segments, our SCF calculations give the
bulk lamellar period of Ly ~ 31lnm, with N = 733 being the total number of
segments on each diblock copolymer chain, which is close to the experimental

value of 28 nm for 36 kg/mol PS-b-PMMA.

Based on the experimental findings, we perform 2D self-consistent field
(SCF) calculations in real space, without a priori knowledge about the possible
morphologies. Our 2D SCF calculations are performed in a rectangular unit
cell shown in Figure 4.1, where the periodic boundary conditions are applied in

the x (horizontal) direction and the reflective boundary conditions are applied
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in the y (vertical) direction. Two parallel walls are placed at a separation
distance D; = 100nm to represent the topographic elbow-patterns. The length
of each wall L = 312nm together with the angle § determines the cell size L,.
The cell size L, is chosen such that under the periodical boundary conditions
the distance D, between the two walls as marked in the figure is 200nm. To
exclude copolymers from the regions occupied by the walls while maintain good
numerical performance of SCF calculations, we impose the following overall

copolymer segmental density profile ¢o(r) = ¢a(r) + ¢p(r):18

pa(r) + ¢p(r) =1 — %tanh Ao = a;;(y) hakl) tanh oot a”Tl(y) +1)
- ;—tanh 4(1; - $j-(y) + 77) tanh 4(—1} + 1;2(’!]) + 77) (41)

where ¢4(r) and ¢g(r) are the segmental densities (volume fractions) of A and
B segments, respectively, at position r = (z,y); z1(y) and z3(y) denote the x-
coordinates of the two wall centers, respectively, with the relation z2(y) —z1(y) =
D1/ cos(8)/2); and we set n = 0.5,/N/6a ~ 3.65nm and 7 = 0.44/N/6a =~
2.92nm. In addition to ¢ 4(r) and ¢g(r) at equilibrium (i.e., the morphology), the
SCF calculations further provide us with the corresponding free-energy density
fe(r) and its components, which can help us understand the formation mechanism
of the obtained morphology. In particular, the mean-field free energy (of mixing)

per chain F, is given by:

Fe 250% /dr [faB(r) + fa(r)]
:%LV /dr [faB(r) —wa(r)pa(r) —ws(r)da(r)] - InQc  (4.2)
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where V is the system volume and ¢; = [ dr[pa(r) + @#p(r)] /V is the average
copolymer segmental density. As shown in Eq. (4.2), f.(r) has two contributions:
fap(r) = xN@a(r)pp(r) corresponds to the local repulsion between A and B
segments, and the chain elastic free-energy density fe(r) is due to the chain

conformational entropy.

4.2.2 Results and Discussions

For the purpose of comparison with the results from our SCF calculations, Fig-
ure 4.2 shows top-down SEM images of lamellar microdomains in PS-b-PMMA
thin films on paired neutral elbow-patterns with varying angles 6 from 30° to

170° in 20° increments.

Figure 4.3(a) and (c) show the segmental density (volume fraction) pro-
files of lamellae confined in paired elbow-patterns at different elbow-pattern
angles obtained from SCF calculations. At 6 = 70°(Figure 4.3(a)) the lamellar
domains form arc structures in the inner regions close to the elbow corners,
and bend structures farther away from the corners. Such structures were
referred to as ”chevron” kinks by Gido and Thomas.!” The bend structures
terminate in the linear regions of the elbow-patterns, where aligned lamellae
connecting the side walls form. Similar results are also found at # = 90° and
6 = 110° (data not shown). At § = 130° (Figure 4.3(c)) and § = 150° (data not
shown), the SCF calculations show that the lamellae break and form asymmetric
"omega” kinks!” in the inner regions close to the elbow corners. Finally at
6 = 170° (data not shown), only aligned lamellae connecting the side walls are
obtained. These are in good agreement with the experimental observations

at & > 50° discussed above. Note that the experimental results contain more
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defects, partly due to the larger gap width than that used in our calculations;
on the other hand, we have used different initial guesses in our SCF calcu-

lations and at each only the morphology with the lowest free energy is presented.

The tilting angle ¢ of lamellar domains with respect to the side walls are
also measured in our calculations. Since the titling angle depends on the
distance from the elbow corner, we measure ¢ of the bending lamellar interface
whose vertex is located at the middle of corner-to-corner distance in accordance
with the experiments. The tilting angle ¢ = 90° when lamellae are confined
between two parallel neutral walls. For lamellae confined between paired
elbow-patterns, our SCF results in Figure 4.4 show that ¢ first decreases with
increasing € and then increases abruptly to about 90° at § = 130°. This result is

in good qualitative agreement with experimental data as shown in Figure 4.4.

The observed variation of ¢ with # can be understood from the free-energy
densities provided by the SCF calculations. Figure 4.3(b) shows the chain elastic
free-energy density fe(r), due to chain-stretching (loss of chain conformational
entropy) at § = 70°. We see that fg(r) is high in the middle of A-rich and
B-rich domains (due to the localization of chain ends) and even higher at
the bend vertices. This indicates that the formation of bend structures costs
a lot of chain conformational entropy. To reduce the degree of bending of
lamellae and thus alleviate such a high entropic penalty, lamellae tilt at an
angle ¢ smaller than 90° with respect to the side walls. Since a neutral side
wall prefers lamellae oriented perpendicular to it,'® a tilting angle ¢ < 90°
increases the chain elastic free energy close to the wall. In other words, there is

a balance between the bending and tilting of lamellae confined in-between the
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elbow-pattern. As 6 increases from 70° to 110°, reducing the lamellae bending at

the cost of increasing lamellae tilting dominates, which explains the decrease of .

As 6 further increases, decreasing ¢ is not sufficient for reducing the bending
penalty. Lamellae thus break and form ”"omega” kinks, i.e., defects with highly
localized chain elastic free-energy density as shown in Figure 4.3(d). This is
more effective to reduce the entropic penalty in other regions and thus lower the
overall free energy of the system. ¢ therefore increases abruptly to almost 90°

at § = 130°.

Due to the large cell size L, needed, we have not performed SCF calcula-
tions for @ < 70°. The bending of lamellae in such cases, however, can be inferred
from our results at § = 70°, where, as lamellae move closer to the elbow corners,
the space in-between the elbow-pattern becomes smaller. In such small confined
space, forming bend structures with vertices of high elastic free-energy density
is not favored; instead, arc structures with less bending (no vertices) form. This
situation is similar to that when 6 decreases, where lamellae tend to go straight
from one side wall to the other as shown in Figure 4.2(b) at § = 30°. The
lamellar bending is therefore reduced at the cost of increasing lamellae tilting.
This is clearly shown by our results in Figure 4.4 (the inset figure) at 6§ = 70°,
where ¢ decreases as lamellae move closer to the elbow corners, in accordance

with the decrease of ¢ as 6 decreases from 70° to 30° observed in experiments.
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4.3 Complex Nanostructure of Cylinder-Forming Diblock

Copolymers on Chemically Nano-Patterned Substrates

In this section we consider cylinder forming DBC on nanopatterned substrates
of alternating neutral and preferential stripes. We demonstrate that the directed
assembly of a block copolymer on such a chemically patterned surface may pro-
duce a well-registered novel complex nanostructure. When a cylinder-forming
block copolymer was assembled on a chemical pattern whose period was twice
as large as the natural lattice size of the block copolymer, a new structure was
produced, where cylinders were oriented alternately perpendicular and parallel to
the surface. This intrinsically 3D structure provides linear arrays of nanocylin-
ders whose orientation is registered by the surface pattern underneath. Our work
shows that a judiciously designed chemical pattern may be used to fabricate a

well-ordered complex nanostructure in block copolymer thin films.

4.3.1 Self-Consistent Field Calculations

We performed 3D real-space self-consistent field (SCF) calculations. The SCF
equations are given by Eq. (2.5)—(2.9). The usual incompressibility constraint
i.e., ¢o(z) = 1 is enforced in everywhere in the system. Since our computational
study is carried out in collaboration with experimental investigations, all the
parameters required by the calculations are estimated based on the information
provided from experiments. N = 652 is the total number of segments in the
copolymer chain; the volume fraction of the shorter (A) block fa = 0.3; and
the product of chain length N with the FloryCHuggins y parameter between A
and B segments is 18.3. We denote the distance between neighboring cylinders

formed in bulk condition by Lg. This corresponds to PS-b-PMMA diblock
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copolymers in experiment, with PMMA being the minor block.

Figure 4.1 shows the patterned substrates of alternating neutral and pref-
erential stripes with period L,. The preferential stripes have width w = 0.5Lg
and attract the A block. The upper surface was set to be neutral, and we denote
the film thickness by D. Accordingly, the H field in Eq. (2.5) and (2.6) that

represents the energetic surface preference for the two blocks are given by

Aly) m

for z < 0.4 (in units of ay/N/6) and 0 otherwise, where a is the statistical
segment length (taking the same value of 0.66 nm for both A and B), and we
set A(y) = 5 for the preferential stripes and O for the neutral stripes. Periodic

boundary conditions were applied in the y- and z-directions, and the Neumann

boundary conditions were applied in the x-direction.

4.3.2 Results and Discussion

For the purpose of comparison with the results from SCF calculations, Figure 4.5
shows the top-view scanning electron microscopy (SEM) images obtained from
experiments of the morphological evolution of the diblock copolymer thin film

as the preferential stripe period L, and film thickness D being adjusted.

In SCF calculations, we first set L, = Ly and D = +/3Lo/2. Figure 4.6(a) shows
that two layers of staggered, parallel half-cylinders formed in the film, in register
with the substrate pattern, corresponding to the film on the patterned substrates

shown in Figure 4.5(c). The well-aligned stripes parallel to the surface observed



4. Self-Assembly of Diblock Copolymers on Nano-Patterned Substrates 99

in Figure 4.5(c) correspond to the upper layer of half-cylinders.

In Figures 4.6(b) and (c), we changed L, to 2.3Ly by increasing the width
of the neutral stripes. Two different morphologies were obtained in SCF
calculations. One is again that of two layers of staggered, parallel half-cylinders,
as shown in Figure 4.6(b); here the lower half-cylinders are located alternately
on the preferential and neutral stripes. The other is a mixed morphology of
two layers of parallel half-cylinders on the preferential stripes and perpendicular
cylinders on the neutral stripes, as shown in Figure 4.6(c). The latter corresponds
to the morphology of stripes and dots observed in Figure 4.5(d) and (e). Note
that, unlike the morphologies shown in Figure 4.6(a) and (b), here the parallel
half-cylinders in the upper layer were located directly above the half-cylinders in
the lower layer; this compressed the parallel half-cylinders, as clearly revealed by
the SCF calculations. Our calculations also revealed small undulations of the per-
pendicular cylinders along the x-direction, and some deformations of the parallel
half-cylinders by the perpendicular cylinders. Minimizing the system free energy
with respect to the calculation cell size along the z-direction showed that the
distance between neighboring perpendicular cylinders in a row is slightly smaller
than Ly. Finally, our SCF calculations indicate that both morphologies shown in
Figure 4.6(b) and (c) have about the same free energy (the difference is less than
0.03k BT per chain, where kB is the Boltzmann constant and T the absolute tem-

perature). This could explain the high density of defects observed in experiments.

In Figure 4.6(d), we reduced the film thickness to D = +/3Lo/4 which
corresponds to the experimental system shown in Figure 4.6(f). The upper layer

of the parallel half-cylinders now disappeared and the morphology changed into
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alternating parallel half-cylinders and perpendicular cylinders. The presence
of the underlying parallel half-cylinders explains the experimental observations
that the film thickness was spontaneously quantized and that the interval
region between adjacent rows of dots appeared dark. For this thin thickness,
the morphology of one layer of parallel half-cylinders turned out to have a
higher free energy than the mixed morphology. From Figure 4.6(d), we see
that the parallel half-cylinders are stretched in the y-direction significantly.
The free-energy penalty due to such stretching could be relieved by forming
perpendicular cylinders on neutral stripes. Overall, our SCF calculations are in
good agreement with experimental observations and further provide detailed 3D

structures inside thin films.

4.4 Conclusion

We have demonstrated that bending and arc geometries of lamellar microdomains
in block copolymer films can be formed on angled corners of topographic guiding
patterns with non-selective wetting property, thereby providing an extension of
the capabilities of graphoepitaxial technique. The ability to generate non-linear
geometry of lamellar microdomains using neutral topographic guiding patterns
is scientifically interesting because it demonstrates the degree to which angled
topographic patterns directs the assembly of lamellar bends in a thin block

copolymer film.

We also show that directed assembly on incommensurate surface patterns
may induce a new complex nanostructure in block copolymer thin films. The

cylinders of an asymmetric block copolymer were alternately oriented parallel to
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the surface on preferential stripes and perpendicular to the surface on neutral
stripes, constituting a novel complex morphology. The nanoscale morphology
provides a well-ordered linear nanocylinder array, whose orientation is in register

with the underlying stripe pattern.
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Fig. 4.1: (a) The unit cell (area enclosed by the dashed lines) used in our SCF calcu-
lations in Section 4.2. The sidewalls of the topographic elbow-patterns are
represented by the two parallel shaded walls in our unit cell, and the unit cell
is duplicated in both x- and y-directions according to the boundary conditions
applied. (b) The unit cell used in our SCF calculations in Section 4.3. The
upper surface was set to be neutral; the lower substrate has alternating neu-
tral and preferential stripes with period Ls;. The width of preferential stripes
w = 0.5Ly. The film thickness is denoted by D.
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Fig. 4.2: top-down SEM images of lamellar microdomains in PS-b-PMMA thin films
on paired neutral elbow-patterns with varying angles 8 from 30° to 170° in
20° increments.
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(c)

y/R

g

Fig. 4.3: Segmental density profiles of symmetric diblock copolymers confined between
paired elbow-patterns at (a)d = 70° and (c)f = 130° obtained from SCF
calculations. The ¢4 (r) shown on the plots is defined as oa(r) = W%%%'
The bright and dark domains correspond to the A-rich and B-rich region
respectively; the side walls are represented by the blank region. The unit cell
is duplicated in the y direction according to the reflecting boundary condition.
Distribution of elastic free energy fe; at (b)8 = 70° and (d)f = 130°.
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Fig. 4.4: Variation of lamellar tilting angle ¢ with the elbow-pattern angle §. (Inset)
Lamellar tilting angle ¢ measured at different lamellar interfaces with 8 = 70°.
The interfaces are sequentially labeled according to their distance from the
elbow-pattern corner.
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Fig. 4.5: Nanostructure evolution (SEM images) in block copolymer thin films. (a)
Top and (b) cross-sectional views of cylinders perpendicular to the sur-
face on a chemically neutral homogeneous surface. (c¢) Top view of block
copolymer morphology on a commensurate pattern (Ls = Lg, film thickness
D = 0.866Ly, Ly = 45nm). Cylinders were registered by the commensurate
chemical pattern to line up parallel to the surface (bottom of the image),
whereas they were oriented perpendicular to the surface, revealing hexatic
ordering, on an unpatterned neutral surface (upper part of the image). (d)
Top and (e) cross-sectional views of the novel block copolymer nanostruc-
ture on an incommensurate surface pattern (Ly = 2.3Ly and D = 0.866Lg).
Cylinders were alternately oriented parallel and perpendicular to the surface
to constitute a novel complex morphology. The density of defects was high
in this film thickness. (f) Defect-free complex morphology assembled on an
incommensurate surface pattern (Ls = 2.3Lg and D = 0.866L¢). Linear ar-
rays (rows) of nanocylinders perpendicular to the surface are shown. Red and
yellow scale bars correspond to 200 and 100 nm, respectively.
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Fig. 4.6: Thin-film morphology obtained from self-consistent field calculations. The
stripe-patterned substrate with a period Ly is placed at = 0 and a top
neutral surface is at x = D, with periodic boundary conditions applied in
both the y- and z-directions. The preferential stripes (represented in teal
blue) on the substrate are along the z-direction and have width w = 0.5Lo;
these preferential stripes attract the A (PMMA) block, while the neutral
stripes are not shown. The color bars correspond to the volume fraction of
the A (PMMA) block. (a) Two layers of parallel half-cylinders (L, = Lo
and D = 0.866Lg). (b) Two layers of parallel half-cylinders (L, = 2.3Lg
and D = 0.866Lp). (c) Mixed morphology of two layers of parallel half-
cylinders on preferential stripes and perpendicular cylinders on neutral stripes
(Ls =2.3L¢ and D = 0.866Lg). (d) Mixed morphology of alternating parallel
half-cylinders on preferential stripes and perpendicular cylinders on neutral
stripes (Ls; = 2.3Ly and D = 0.433Ly).
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Part 1[I

SMART SURFACES OF POLYMER

BRUSHES



5. THERMAL-RESPONSE OF POLY-NIPAM BRUSHES IN
WATER

5.1 Introduction

Unlike most polymers, water soluble PNIPAM (poly(N-isopropylcarylamide))
exhibits lower critical solution temperature (LCST) in water solution.'™ While
the polymer is completely miscible in water at low temperature, as temperature
is raised above LCST, the solution phase separates into polymer-rich and
polymer-poor phases. Such behavior is due to the hydrogen bonding of PNIPAM
segments with water molecules and it leads to many important applications,
such as making temperature responsive thermal gels, colloidal dispersion,

10

controlled drug delivery, solute separation.’” Because of these promising

properties, the research involving PNIAPM have drawn great interests recently,

11-16 1723

from both experiments and theoretical investigations. In particular,
there is a special significance in the work by Afroze et. al,.}® In their work,
the binodal curves of PNIPAM bulk solution with large molecular weight
are experimentally measured, and the curves are fitted to the computational
results from Flory-Huggins theory with a concentration dependent y parameter
expressed as a polynomial function of polymer concentration. Through fitting,
the temperature dependent polynomial parameters are obtained, and by doing

this it provides a convenient way to model the LCST behavior of PNIPAM
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solutions phenomenologically without having to include the complex nature of

hydrogen bonding mechanisms.

Because of its thermal responsive property, grafting PNIPAM onto sur-
faces is a promising strategy for creating responsive surfaces. Such thermal
responsive surfaces have a variety of applications in tissue culture substrates,
controlling absorption of proteins, blood cells and bacteria. To better design
such temperature responsive surface, it is important to understand how the
conformations of grafted PNIPAM chains change with temperature. Significant
effort has been put into such studies.?3? Kidoaki et al.25 used AFM to study
the dense, high molecular weight PNIPAM brushes and reported changes in

%6 used surface plasmon

brush height with temperature. Balamurugan et al.
resonance (SPR) to investigate conformational changes on a gold surface and
also reported significant change of brush height with temperature. However a
systematic study of such temperature responsive conformational changes as a
function of molecular weight and surface grafting density was largely absent
until Yim et al.2”3! reported a series of experiments using neutron reflection
(NR) to capture the temperature response of PNIPAM brushes. In their study
they found that, only at proper surface grafting density and molecular weight,
the brush height is observed to change with temperature. Using NR they also
found that the segmental density profiles of the brush has a two-layer shape with
the inner layer having higher polymer concentrations than the outer layer. Such
phase separation happens within the tethered layer and therefore is also known
as vertical phase separation. This is the first time that direct experimental

evidence of vertical phase separation of PNIPAM brushes had been reported,

even though such behavior had been predicted by the theoretical studies of
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Baulin and Halperin using the Pincus model.??

In Baulins and Halperin’s work,?? a number of forms of the concentration
dependent x parameters had been used to investigate their effects on the brush
segmental density profiles. In particular, using values of x from Afroze’s® work
they showed that only when the surface grafting density is high enough will the
vertical phase separation occur at one temperature. However, the effects of chain
length on the vertical phase separation were left unstudied. More importantly,
because their work focused more on the effects of different forms of x parameter,
how the transitions of brush segmental profiles occur with temperature change
(the thermal response of PNIPAM brushes) was not included. A later study
by Baulin, et. al,.23used the more accurate analytical mean field model the
strong stretching theory (SST) to study PNIAPM brushes. In their work, brush
density profiles are very similar to those obtained using the Pincus model, and
the effects of grafting density on the vertical phase separation are also shown.
Because the chain-end distribution in the SST can be analytically solved rather
than assumed, their work also includes the study of the compression force profile
of PNIAPM brushes. The full numerical mean field study on PNIPAM brushes
was first performed by Mendez et al'® using the density functional theory with
the y parameter adopted from Afroze’s work. The effects of grafting density
and polymer chain length on the thermal response of PNIPAM brushes were
systematically studied. However, in their work, the polymer concentration used
in calculating the y is the averaged rather than the local polymer concentration
in the brush solution. This causes the discrepancy between the homogeneous y

parameter and the inhomogeneous segmental density in the brushes.
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In this work, from a theoretical point of view we want to study systemat-
ically the effects of the grafting density and polymer chain length on the thermal
response of PNIPAM brushes using the numerical self-consistent field theory
(NSCFT). The Flory-Huggins x parameter in the our model depends on the
local segmental density in the brushes and having the form given by Afroze’s

work.

5.2 Theoretical Formalism and Numerical Methods

5.2.1 Numerical Self-Consistent Field Calculations

We use numerical (real-space) self-consistent field (SCF) calculations in this
work. Since the polymer SCF theory has been well developed, we only summarize
our SCF equations and numerical methods here; readers are referred to, e.g.,

Ref. [34] for detailed derivation and explanation of this theory.

We consider the brush formed by homopolymers A (PNIPAM) of chain
length NV end-grafted onto a flat and impenetrable substrate placed at z = 0.
The brush is immersed in a small-molecule solvent S (water). We neglect the
energetic preference of the substrate, and assume that the polymer segments
have the same density po as the solvent molecules and the statistical segment

length a. Our SCF equations are

onle) = x(a)Nos(w) + KON ws0) +0) )
us(x) = X(6r ()N ga(r) +n(x) (5.2
oa(r) = % /01 dsq(r, s)g*(r,1 — s) (5.3)
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s [t
ds(e) = 2 exp | -7 (5.4
oaE) + 6(x) = 1 (55)

Here ¢a(r) and ¢s(r) are the normalized (by po) density (i.e., volume fraction)
fields of A segments and S molecules, respectively, at position r; wa(r) and wg(r)
are the (purely imaginary) conjugate fields interacting the corresponding species.
The (purely imaginary) conjugate field 7)(r) enforces the incompressibility

constraint, Eq. (7.10).

x(da(r)) is the concentration-dependent Flory-Huggins interaction param-
eter between PNIPAM segments and water, obtained from the experimental

fitting by Afroze et al.,'8
x(¢a(r)) = (a0 + boT) + (a1 + biT)ga(r) + (az + b T) P4 (r) (5.6)

where T is the temperature, and a; and b; (i = 0,1,2) are constants obtained
from the fitting. Fig. 5.1 shows how the parameter x calculated from Eq. (5.6)
changes with respect to polymer concentration at three different temperatures.
Note that we take the x parameter to be dependent of the local polymer
segmental density ¢a(r) (i.e., position-dependent); this is different from that
used by Mendez et al., who took x as a function of the volume-averaged poly-

mer segmental density ¢4 (i.e., position-independent) in their SCF calculations.!®

The propagator ¢(r,s) corresponds to the probability of finding a copoly-
mer chain of length sN that starts from the grafted end (where s = 0) and ends

at position r, and is commonly calculated from the following modified diffusion
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equation (MDE)

2 V- wa(r)g (5.7
with the corresponding initial and boundary conditions discussed later. Similarly,
the propagator ¢*(r,t) with ¢ = 1 — s corresponds to the probability of finding
a copolymer chain of length tN that starts from the free end (where s = 1)
anywhere in the system and ends at r, and is calculated from the following MDE

oq*

_XT72,% __ *
5 = Vig* — wa(r)g (5.8)

Alternatively, q(r, s) can be calculated from the Chapman-Kolmogorov equation
(CKE)¥
g(r,s +ds) = exp[—wa(r)ds] /dr'q)(r —r')g(r', s) (5.9)

where ®(r — ') = (4wds)~%2 exp(—|r — r'|?/4ds) corresponds to the probability
for a Gaussian chain to propagate from r’ to r over a small chain length of Nds,

and d is the dimensionality of the system. A similar CKE holds for ¢*.

In Egs. (7.4) and (7.6), Qa = [drq(r,1)/V, Qs = [drexp[~ws(r)/N]/V,
¢a = [dréa(r)/V, and ¢s = 1 — ¢, where V denotes the system volume.
Note that we have normalized all the distance by R, = a+/N/6 in the above
equations. Once the SCF equations are solved, the mean-field free energy (of

mixing) per chain can be calculated as

fo= 5 [ ar[x@ne)Noa(x)es(r) - wr(r)en(r) — ws(r)és(r)]

—Galn A _ NgsIn &8 (5.10)

®a &s
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Assuming lateral homogeneity, we perform 1D calculations in the spatial domain
of 0 < x < [, where [ is chosen to be large enough such that the total polymer
segmental density ¢a(z) < 1075 at £ = [ in all cases. The volume-averaged
polymer segmental density ¢, is then related to the chain-grafting density oy
(i.e., number of chains per substrate area of a?) by ¢a = V6Nay/l, where we

have used py = a~3.

When solving the propagators, we apply the Neumman
boundary conditions of dq(z, s)/8z = d¢*(x,s)/0z = 0 at = 0 and ! for all s,
together with the initial condition of ¢(z, s = 0) = é(x) for Egs. (5.7) and (7.11)
(i.e., we assume that all the grafted ends are fixed at z = 0); the initial condition

of ¢*(z,t =0) =1 at 0 <z <1 is also used.

5.2.2 Numerical Methods and Calculated Quantities

In our calculations, the chain contour is uniformly discretized into 200 steps, and
the spatial domain is uniformly discretized into 256 subintervals. In most cases,
we calculate the propagators from CKE using the Romberg integration3® in order
to avoid the numerical problem encountered in brush calculations when solving
MDE.3¢:% But in a few cases where the solvent quality is very poor and the poly-
mer chains collapse to form a densely packed layer near the substrate, finer spatial
discretization (into 512 subintervals) is needed to converge the SCF calculations;
in these cases, we solve MDE using the split-step pseudo-spectral method®®
with the fast cosine transforms due to its faster speed. Detailed numerical

comparisons between solving MDE and CKE will be reported in another paper.®

The SCF equations are solved in real space by the Broyden method

combined with a globally convergent strategy,’ and the convergence
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criterion of |pa(z) + ¢s(z) — 1] < 107 is satisfied at all collo-
cation points. Here, for given wa(z), Eq. (7.4) is used to calcu-
late ¢a(z) after ¢ and g¢* are solved; ws(z) is then calculated from
ws(z) = wa(z) + Nx(z)(dalz) — ¢s(z)) — Ox(z)/0¢a(z)pa(z)ds(z)]; and
¢s(z) is then calculated from Eq. (7.6). Finally, since the conjugate fields can
be shifted by an arbitrary constant without changing the density fields and the

system free energy, we set Q4 = 1073 to obtain a unique solution.

Once the SCF equations are solved, we calculate the brush height as

2 fol dzda(z)z

h=—;
Jo dza(z)

(5.11)

Finally, we also check the stability of our 1D brush structures against laterally
inhomogeneous (3D) ones by numerically evaluating 9% f./80?; a negative value

indicates that the 1D structure is unstable.

5.2.3 The Pincus Model

We also compare our numerical SCF calculations with the Pincus model used by
Baulin and Halperin.?? The Pincus model is basically a strong-stretching theory,
i.e., only chain conformations that minimize the chain elastic free energy (the
classical path) is considered, with the additional assumption that the chain-end
distribution is proportional to ¢a(z)/N. The readers are referred to Refs. [22]
and [41] for details of the Pincus model and how it is applied to PNIPAM brushes.

Here we only summarize its equations. As in Ref. [22], ¢4 (x) in the Pincus model
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is calculated from

Y LA/ ES M ONG) (5.12)

under the constraint

NO’Q = /OH ¢A(z)dz (513)

where ¢p = ¢a(z = 0), H denotes the maximum brush height (in unit a) above

which @a(z > H) = 0, poo(da(z)) = df(z)/dga(z) with

Joo(z) = (1 = ga(2))In(l — 9a(z)) + x(da(2))da(z)(1 — ¢a(z))  (5.14)

5.3 Results and Discussion

5.3.1 Bulk Phase Behavior and Vertical Phase Separation in Brush

It is well known that PNIPAM in water exhibits a lower critical solution
temperature (LCST). Fig. 5.2 shows the bulk phase diagram of PNIPAM
solution with N — oo calculated from the Flory-Huggins theory, with the
concentration-dependent x parameter given by Eq. (5.6). As the solution
temperature T is below the LCST T, ~ 26.4°C, PNIPAM is completely soluble
in water. At T > T, however, a homogeneous solution may phase separate into
two coexisting phases with different polymer concentrations ¢, and ¢_. as shown
in the figure. As T further increases above Ty ~ 30.5°C, the polymer-poor phase

becomes pure solvent, i.e., ¢_ = 0.

It has also been reported?”3! that at certain temperatures PNIPAM brushes
can form two-layer structures with the inner layer having a higher polymer

segmental density than the outer layer, known as the vertical phase separation.*!
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Fig. 5.3 shows the segmental density profiles of a PNIPAM brush at different
temperatures, obtained from our numerical SCF calculations. We see that the
brush extends at T = 20°C, which is below T,. At T = 28°C > T, the brush
segmental density profile exhibits sharp variation, forming a two-layer structure.
The outer layer becomes thinner with increasing 7', and at T = 35°C > Tj the
brush collapses and forms a step-function-like, single-layer structure as in a poor
solvent. This trend is in good agreement with the neutron reflectivity studies of

Kent and co-workers.3°

Such thermal response of PNIPAM brushes can be understood based on
the bulk phase diagram shown in Fig. 5.2. For the given example, at T < Tg,
PNIPAM and water are completely miscible; the brush therefore exhibits an
extended segmental density profile as in a good solvent. At T > T,, a bulk
homogeneous solution with a PNIPAM concentration between ¢, and ¢_ be-
comes unstable against phase separation. Correspondingly, the brush segmental
density profile exhibits sharp variation at certain position, representing the
interface between the inner layer (a polymerr-rich phase) and the outer layer
(a polymer-poor phase). As T further increases, ¢_ in the bulk phase diagram
approaches zero; the outer layer in the brush therefore shrinks and eventually

disappears at T' > Tp.

The connection between the vertical phase separation of PNIPAM brushes
in water and their bulk phase behavior was clearly revealed by Baulin and
Halperin?? using the Pincus model.*! Within this model, they showed that,
at the interface (the width of which is neglected) between the two layers, the

brush equilibrium condition is equivalent to the bulk equilibrium condition with
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N — oo. In other words, the brush density profile exhibits a discontinuity at
the interface, where the polymer segmental densities equal to ¢+ and ¢- shown

in Fig. 5.2;2 this is illustrated in Fig. 5.4.

5.3.2 Pincus Model vs. Numerical SCF Calculations

Fig. 5.4 also compares the brush segmental density profiles obtained from our
numerical SCF calculations with those predicted by the Pincus model using the
same parameters. Three differences can be seen: First, there is a spike very close
to the grafting substrate in the numerical SCF profile, while in the Pincus model
¢a(x) smoothly approaches ¢ as x — 0; this is due to the d-function initial
condition used for solving the propagator ¢ in our calculations. Second, the
numerical SCF profile exhibits an exponentially decaying tail, while the Pincus
model gives @a(z > H) = 0; this is because all possible chain conformations
are included in the numerical SCF calculations, while only that minimizing the
chain elastic free energy (i.e., the classical path) is included in the Pincus model.
Most importantly, when the vertical phase separation occurs, the numerical
SCF calculations give a sharply varying but not discontinuous density profile;
the discontinuous profile predicted by the Pincus model results from the fact
that its f.o(z) given by Eq. (5.14) does not include any free-energy penalty for
a spatially varying segmental density profile. In spite of all the simplifications
used in the Pincus model, however, its segmental density profiles agree fairly

well with our numerical SCF calculations.

Fig. 5.4 further suggests that wether or not the vertical phase separation
occurs in a brush at a given temperature is affected by its chain-grafting density

0o. As ¢a(x) monotonically decreases with increasing z in a brush, only when
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¢o > ¢4 (within the Pincus model) can the vertical phase separation occur.
Since ¢y increases with increasing oo as shown in Fig. 5.10 according to the
Pincus model , thus increasing oy leads to the vertical phase separation as shown
in Fig. 5.4. The effects of oy on the vertical phase separation can also be seen
from the variation of brush height h vs. 0g. The non-monotonic variation shown
in Fig. 5.5 is the signature of the vertical phase separation, as pointed out by
Baulin and Halperin.?? We also see from Fig. 5.5 that at this temperature the
scaling of h with oo of PNIPAM brushes in water, at both small and large
grafting densities, is different from that of polymer brushes with upper criti-

cal solution temperatures in either a good (h o i) or a poor (h 00)?* solvent.

The chain length N also affects the vertical phase separation of PNIPAM
brushes in water. Fig. 5.6 shows the brush segmental density profiles obtained
from our numerical SCF calculations with three different N, all at T'= 28°C and
oo = 0.072. The results obtained from the Pincus model are also included for
comparison, which are again in good agreement with the numerical SCF results.
We note the following within the Pincus model: First, ¢¢ is the same for brushes

at the same o but with different N; this can be seen by re-writing Eq. (5.13) as

o [* NG f%(¢a(2))
2 Jo  /itoo(®0) — foo(pa(z)) OPa(z)?

d¢A(Z) (5.15)

gg =

where C = /8/3n2, and the right-hand-side of Eq. (5.15) depends on ¢, only.
Second, both the maximum brush height H and the location z; where the density
profile exhibits a discontinuity, when expressed in units of a, are proportional to

N, so is the outer layer thickness H — z,4; according to Eq. (5.12), we have

Td = /oo ($0) = too(d+)N/C and H = 1/ 11eo(d0) — 1eo(0)N/C, where the bulk
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polymer concentrations ¢ of the two coexisting phases depend on T only. This

indicates that the vertical phase separation is more pronounced for longer chains.

5.3.3 Thermal Response: Numerical SCF' Results

While using the Pincus model to study the thermo-response of PNIPAM brushes
in water is simple and instructive, in the following we investigate systematically
the thermo-response using the more accurate numerical SCF calculations. The
thermo-response of PNIPAM brushes in water is characterized by the variation

of hvs. T.

Effects of Chain-Grafting Density oy

Fig. 5.7(a) shows the thermal response of PNIPAM brushes with N = 300 at
different grafting densities og. As op being increased, the temperature T, where
brushes exhibit maximum thermal response (82h/8T?)|r~1,, = 0 is observed to
shift to lower values. This is better elucidated by Fig. 5.7(b) where 6h/0T) is
plotted. In order to explain this we choose oy = 0.024 and gy = 0.1036 as two

examples to show how the segmental density profiles evolves with temperature.

In Fig. 5.8(a), brushes show extended morphology at 7' = 20°C. As tem-
perature raises, the solvent quality slowly deteriorate making the segmental
density near the substrate slowly increases. According to the Eq. 5.11, such
reallocation of segments will reduce the brush height. However such change is
small in this temperature range and brush structures still remain extended up
to T = 27°C which is already above T,. As temperature further increases to
T = 28°C the segmental density near the substrate exhibits a sudden increase,

and at T = 29°C such segmental enrichment develops into an step-like inner
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layer which will cause a further decrease in brush height according to Eq. 5.11.

Therefore brush shows maximum thermal response at T > T,.

Fig. 5.8(b) shows how the segmental density profiles changes with temper-
ature at a higher grafting density. At T = 20°C brush also shows extended
morphology similar to Fig. 5.8(a). However, the solvent quality has deteriorated
at T = 20°C here comparing to the situation at small grafting densities and as
the result the brush is less extended. This can be seen from Fig. 5.7(c) showing
the scaling of brush height with respect to grafting density at T' = 20°C. The
scaling coefficient at low grafting densities is close to 1/3 which is in agreement
with the good solvent condition. At high grafting densities, however, the scaling
is far off from the ”one third power law” indicating that the solvent can no
longer be regarded as good solvent. Such deterioration in solvent quality is due
to the concentration dependent x{(¢a). As shown in Fig. 5.1, the solvent quality
is good at T = 20°C only when the segmental density is small. Also, at high
grafting density a slight increase in temperature, in this case to T = 23°C < T,
will reduce the solvent quality enough so that segmental profiles start showing
enrichment near the substrate. Correspondingly the maximum thermal response
is to happen around this temperature. Also, due to the less extended profile at
T = 20°C, the magnitude of the thermal response is going to be smaller compare

to that at low grafting densities.

From the two examples we can see that T,, happens at temperatures where brush
profiles change from extended morphology to ”two-layer” type morphology.
It is usually accompanied by a fast increase in the segmental density near

the substrate. Considering that the relation between ¢g, 0o and T has been
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conveniently given by Eq. 5.15, the Pincus model can thus provide a simple way

to look at how the grafting density affect the brush thermal response.

Fig. 5.10 shows ¢ calculated from Eq. 5.15 as a function of T at different
grafting densities. For the purpose of reference, the bulk phase data is also
included in the figure with T plotted with respect to ¢o. 7, can be roughly
located at the temperature where 9¢o/9T is at maximum. When grafting
density is low, ¢q is small at T = 20°C so that the brush is in a good solvent
condition. The solvent quality slightly decreases when temperature increases.
In this process, ¢o will slowly increase until at a temperature higher than T, it
becomes larger than ¢_. Once this happens, ¢ will leap to a value greater than
¢+ at the temperature, causing a sudden change in brush height. Therefore
sharp thermal response happens at T' > T, at low grafting density, which is
what happens for oo = 0.006 and 0.024 in Fig. 5.7(a). At higher grafting
density, the solvent quality deteriorate faster as temperature being raised. ¢
experiences a quick increase at T' < T, which in turn leads to a fast change
in brush height. This is what happens in the cases of o9 = 0.05263, 0.07067
and 0.10363 in Fig. 5.7(a), where T,,, < T¢. If the grafting density is very high,
the solvent quality is bad enough even at T' = 20°C so that the brushes exhibit
"two-layer” type morphologies. Raising temperature in this situation will only
slightly modify the brush profiles as shown in Fig. 5.8(c}), and as the result very
little change in brush height will be observed.

One thing to note is that in the above discussions on the shifting of T,
the chain length N is an irrelevant parameter under the Pincus model, which

means that in the Pincus model T, depends only on the grafting density .
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In the next section, we will then investigate how the chain length will play its
role in affecting the thermal response of PNIPAM brushes at constant grafting

density.

Effects of Chain Length N

Fig. 5.11 shows the effects of chain length N on the thermal response of PNIPAM
brushes at oo = 0.036 from numerical SCF calculations. T, is observed to
be at T =~ 28°C for all three cases, independent of N, as shown by the inset
figure. This is in agreement with the prediction by the Pincus model. Also
under the Pincus model, if we renormalize z by z/N in Eq. 5.12 and 5.13, brush
height h can be shown to scale with N at a constant grafting density o at all
temperatures. If we quantify the magnitude of brush thermal response within a
temperature range Tj to Ty by Ah = h(T2) — h(T1), then Ah will also scale with
N. This says that brushes of longer chains will experience more change in brush

height within a temperature range.

In order to compare this to our numerical SCF results, we estimate the scaling
coefficient of N at three temperatures, T = 20°C < T, T, < T = 28°C < T and
T = 34°C > Tp based on the data shown in Fig. 5.11. The scaling coeflicients
at T = 20°C and T = 34°C have values 0.99 and 0.98 respectively that are
close to one. This is because at low grafting density the solvent quality is
good at T = 20°C, and at T = 34°C the brush height can be approximated by
h =~ oN/¢, given the ”step function” shape of brush profiles. At T = 28°C,
the coefficient obtained from numerical SCF calculation is 0.91 that is further
off from one. This is because in the Pincus model the brush profiles are

discontinuous at this temperature as opposed to the continuous profiles given by
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numerical SCF calculations.

After all, results from the Pincus model and numerical SCF calculations
both indicate that increase in chain length will make the magnitude of thermal

response bigger within a temperature range.

5.4 Conclusions

Using both self-consistent field (SCF) calculations and the Pincus model, we
investigated the thermal response of one-component PNIPAM (A) brushes in wa-
ter (S) characterized by the change of brush height with respect to temperature.
Our formalism explicitly accounts for the entropy of polymer chains and water
molecules. An incompressibility constraint is also imposed requiring the total
volume fraction of PNIPAM segments and water molecules be one everywhere in
the system. The energetic interactions between the polymer segments and water
molecules is modeled by a concentration-dependent Flory-Huggins interaction
parameter x(¢4a), obtained through fitting the measured demixing temperature
of bulk PNIAPM water solution to the binodal curve from the Flory-Huggins

theory, as reported by Afroz et. al,.

The vertical phase separation of PNIPAM brushes was first predicted by
Baulins and Halperin?? using the Pincus model at temperature T = 28°C. The
segmental density profiles from our SCF calculations agrees very well with their
results. Both the grafting density oy and polymer chain length N affect the
occurrence of the vertical phase separation. We further extend our interests to

study how the morphological structure of PNIPAM brushes changes at different
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temperatures using both SCF calculations and the Pincus model. Such evolution
of the structure with temperature are reflected by the thermal response of the
brush height. Our SCF calculations show that the temperature T;, at which
such thermal response is maximized is determined by the grafting density oo,
with T, shifting to lower values at higher go. Thermal response of brush height
is also found at temperatures T' < T,, where vertical phase separation does not
occur. Our results also show that N does not affect the value of Tp,, it instead
controls the magnitude of change in brush height. Our SCF results are well

explained based on the Pincus model in this work.

Our study provides some guidance to the design of smart surfaces of PNIAPM.
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Fig. 5.1: Variation of Flory-Huggins x parameter with respect to polymer segmental
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Fig. 5.2: Fitted binodal curve of PNIPAM water solution in bulk condition, using the
Flory-Huggins theory with the interaction parameter x given by Eq. 5.6.
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Fig. 5.5: The brush hight calculated from Eq. (5.11) from SCF calculations as a func-
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Fig. 5.6: Segmental density profiles of PNIPAM brushes obtained from SCF calcu-
lations (solid curve) and the Pincus model (dashed curve) at T = 28°C,
oo = 0.072.
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Fig. 5.10: Variation of volume fraction of PNIPAM on the grafting substrate ¢y with
temperature, obtained from the Pincus model at different grafting densities.
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calculations with og = 0.036, at different chain length N. The inset figure
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6. SOLVENT-RESPONSE OF UNCHARGED DIBLOCK
COPOLYMER BRUSHES

6.1 Introduction

Smart surfaces, also known as stimuli-responsive surfaces, can respond to very
subtle changes in their environment such as temperature, pressure, light, solvent
selectivity, ionic strength, salt type, pH, applied electric field, etc.) The re-
sponse is manifested by reorganization of the surface structure and composition.
Hence, the surface properties (e.g., wettability, adhesion, friction, elasticity,
and biocompatibility) can be reversibly tuned between different states by the
external stimuli. Such surfaces have diverse applications in many fields, such
as colloid stabilization, chemical gates, microfluidic devices, sensors, bioanaly-

sis, drug delivery, biomaterials, molecular lubricants, and imaging technologies.!™

Among various methods of creating smart surfaces, tethering stimuli-responsive
polymer chains to a substrate has proved to be effective and versatile.'® The
so-called polymer “brush”* is formed when the distance between adjacent
grafted chains is less than two times the chain radius of gyration so that the
excluded-volume interactions between polymer segments force the chains to
stretch in the direction perpendicular to the grafting substrate.>”’ Recent

advances in the synthesis of polymer brushes have paved the way for preparing
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brushes with controlled thickness, ranging from a few nanometers to several
hundreds of nanometers, as well as the preparation of block copolymer brushes of
almost any composition.®? Furthermore, the covalentlybgrafted polymers possess
thermal and solvent stability under various processing conditions, indispensable

for their applications.

Chain conformations in the brush are sensitive to external stimuli; differ-
ent conformations give rise to different surface properties, thus providing the
mechanisms for the smart surfaces to reversibly switch between different states.
This has been experimentally demonstrated with homopolymer brushes.!®12
Two-component polymer brushes, including both mixed homopolymer brushes'?
and block copolymer brushes,'* however, have been more widely used to create
smart surfaces, where the segregation (self-assembly) between the different poly-
mer species is utilized. Since these species can have very different physical and
chemical properties, the effects of external stimuli on their spatial arrangement
in the brush provide the mechanisms for reversibly tuning the surface properties,
which can be over a much wider range than (one-component) homopolymer

brushes. Two-component polymer brushes also provide more degrees of freedom

for the design of smart surfaces.

In this work we focus on the solvent-response of diblock copolymer brushes on
flat substrates, where all the copolymer chains are grafted by the same end (i.e.,
the A-end). In a solvent selective for the ungrafted (B) block, the B segments
dominate the brush surface layer (since the A-ends are grafted, copolymers in the
brush may adopt similar conformations even in a non-selective solvent). When

the solvent is selective for the A block, the A segments can dominate the surface
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layer while B segments are embedded in the brush. In the latter case, it is likely
that the B segments segregate into laterally structured clusters; compared to
the microphase separation in mixed homopolymer brushes,'5-3! however, diblock
copolymer brushes are less studied and their detailed microphase-separated

structures are not well understood yet.3238

The response of block copolymer brushes has been studied by various ex-
perimental groups.}4323539-5 7Zhao and Brittain first reported the synthesis of
poly(styrene-b-methylmethacrylate) diblock copolymer brushes via the “grafting
from” approach and their reversible changes in water contact angles upon
treatment with different solvents;'* this group also first reported the lateral

nano-pattern formation in the brush due to solvent treatment.3°

In great contrast, few groups have reported theoretical and simulation studies
on diblock copolymer brushes. Using 2D lattice self-consistent field (SCF)
calculations, Balazs and co-workers studied compatible diblock copolymers (i.e.,
the Flory-Huggins interaction parameter between A and B segments xap = 0),

36,37 They also used

in a solvent selective for A, grafted at a low density.
scaling arguments to complement their SCF results. Various morphologies were
predicted depending on the grafting block (A or B), block lengths, grafting
density, and the solubilities of the two blocks.3%37 They further studied the
inferactions between two surfaces coated with symmetric diblock copolymers
at a low grafting density immersed in a selective solvent.®® Another relevant
theoretical study on diblock copolymer brushes was done by Ferreira and Leibler, |

who reported 1D continuum SCF calculations of diblock copolymer brushes

grafted to an impenetrable substrate in a non-selective, good solvent.5” They
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found that, for large xapg > 0, the grafted block forms a step-like brush near the
substrate while the other block is expelled from this region and forms a parabolic
brush as the outer layer. For yap < 0, backwards twisted configurations
due to the A-B attraction become important, which may lead to collapse of
the diblock copolymer brush.®” Very recently, Yin et al. performed lattice
Monte Carlo simulations with simulated annealing to study the morphology of
strongly incompatible diblock copolymer brushes in strongly selective solvents.3®
Various morphologies were obtained depending on the chain-grafting density

and block lengths. Their results are consistent with available experiments3?-34

and theories.36:37

More studies on block copolymer brushes are needed in order to under-
stand not only their microphase-separated structures but also their response
to solvents of various quality and selectivity, as well as how various factors
such as chain-grafting density, chain length, copolymer composition, A-B
incompatibility, etc. affect their solvent response. Such knowledge is essential to
the design of smart surfaces best suited for targeted applications. As the first
step towards this goal, here we use 1D continuum SCF calculations to study the
solvent-response of diblock copolymer brushes; more intensive 3D calculations
addressing the possible lateral inhomogeneity in diblock copolymer brushes will

be reported in future publications.
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6.2 Theoretical Formalism and Numerical Methods

6.2.1 Self-Consistent Field Calculations

Since the polymer self-consistent field (SCF) theory has been well developed, we
only summarize our SCF equations here; readers are referred to, e.g., Ref. [58]

for detailed derivation and explanation of SCF theory.

In this work we consider the brush formed by diblock copolymers A-B of
chain length N all grafted by the A-end onto a flat and impenetrable substrate
placed at = 0. The brush is immersed in a small-molecule solvent S. We
neglect the energetic preference of the substrate, and assume that all polymer
segments have the same density pp as the solvent molecules and the same

statistical segment length a. Our SCF equations are

o(F) = xanNon(E) + xasNes(x) + n(x) (6.1)
wn(r) = xasNGa(E) + xesNs(x) + (r) 62
us(E) = XasN9a(E) + xesNea(x) + () x)
oa(6) = £ [ asalr, )07 (5,1 - (6.4
onle) = 22 [ dsatero)'e,1 -9 (65)
és(r) = % exp {— WSA(,’)J (6.6)

¢a(r) + dp(r) + ¢s(r) = 1 (6.7)
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Here ¢a(r), ¢p(r) and ¢g(r) are the normalized (by po) density (i.e., volume
fraction) fields of A, B segments and solvent molecules, respectively; and wa(r),
wp(r) and ws(r) are the (purely imaginary) conjugate fields interacting the
corresponding species. The (purely imaginary) conjugate field 7(r) enforces
the incompressibility, Eq. (7.10). We use xap to denote the Flory-Huggins
interaction parameter between A and B segments. Similarly, xas and xgs denote
the Flory-Huggins interaction parameters between solvent molecules and A or
B segments, respectively; the difference between them characterizes the solvent
selectivity. The copolymer composition is denoted by fa = Na/N, where Ny is
the A-block length, and s € [0, 1] denotes the segmental position along the chain

contour.

The propagator q(r,s) corresponds to the probability of finding a copoly-
mer chain of length sN that starts from the A-end (where s = 0) and ends at
position r, and is commonly calculated from the following modified diffusion

equation (MDE)

o V2qg—wa(r)g for 0<s< fa
99 _

o, = (6.8)
s V2q —wg(r)g for fa <s<1

with the corresponding initial and boundary conditions discussed later. Similarly,
the propagator ¢*(r,t) with ¢t = 1 — s corresponds to the probability of finding a
copolymer chain of length ¢N that starts from the B-end (where s = 1) anywhere
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in the system and ends at r, and is calculated from the following MDE

dg* V2¢* —wg(r)g® for 0<t<1—fa
ot

V2q* - wA(r)q* for 1 — fA <t S 1

An alternative way of calculating g(r, s) is from the Chapman-Kolmogorov equa-
tion (CKE)*
exp[—dswa(r)] [ dr'®(r — r')q(r',s) for0<s< fa

g(r,s +ds) = (6.10)
exp[—dswg(r)] [ dr'@(r — r')g(r’,s) for fa<s<1

where ®(r — r') = (47ds)~%? exp(—|r — r'|*/4ds) corresponds to the probability
for a Gaussian chain to propagate from r’ to r over a small length of Nds,
and d is the dimensionality of the system. The MDE, Eq. (6.8), is actually
obtained from the CKE after Taylor expansion, which requires ¢ be continuously

differentiable. A similar CKE holds for ¢*.

In Eqgs. (7.4)~(7.6), Qc = [drg(r,1)/V, Qs = [drexp[—ws(r)/N]/V,
dc = [dr[pa(r) + ¢s(r)]/V, and ¢s = 1 — ¢¢, where V denotes the system
volume. Note that we have normalized all the distance by Ry = a4/N/6 in the

above equations.

Assuming lateral homogeneity, we perform 1D calculations in the spatial
domain of 0 < z < I, where [ is chosen to be large enough such that the total
polymer segmental density ¢c(z) = da(x) + ds(z) < 107° near z = [ in all

cases. The volume-averaged polymer segmental density @¢ is then related to
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the chain-grafting density o (i.e., number of chains per substrate area of RZ)
by ¢c = 650/+/NI, where we have used py = a=3. We apply the Dirichlet
boundary conditions of ¢(z,s) = ¢*(z,s) = 0 at z = 0 and [ for all s, together
with the initial condition of ¢(z,s = 0) = §(z — a) for Eqgs. (6.8) and (7 1 1.) (we

assume that all the A-ends are fixed at * = a as the substrate is impenetra-

ble to polymers); the initial condition of ¢*(z,t =0)=1at 0 < z < [is also used.

Our SCF theory is similar to those used in Refs. [36,37,57]. The use of
an explicit solvent (with the incompressibility constraint) instead of an implicit
solvent (with the excluded volume parameter) as in Ref. [57] allows us to
consider poor-solvent conditions as well as solvent selectivity, and provides more

accurate description when ¢¢(z) is large.

6.2.2 Numerical Methods and Calculated Quantities

We use the split-step pseudo-spectral method®® with the fast sine transforms to
solve the MDE. This, however, gives some numerical problems when chains are
strongly stretched (e.g., at a high grafting density or in a good solvent), due to the
(indifferentiable) d-function initial condition for ¢; namely, sufficiently accurate
numerical evaluation of V2q becomes difficult in such cases, which affects the con-
vergence of SCF equations. We therefore calculate the propagators from the CKE
using the Romberg integration®! in these cases. We note that a similar method
has been used in the dynamic mean-field density functional method,®? where the
stencil® is used to approximate the integral in Eq. (7.11). Detailed numerical

comparisons between solving MDE and CKE will be reported in another paper.®

In our calculations, the chain contour is uniformly discretized into 200 steps, and
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the spatial domain is uniformly discretized into 256 subintervals. The SCF equa-
tions are solved in real space by the Broyden method combined with a globally
convergent strategy,®® and both convergence criteria of |pc(z) + ¢s(z) — 1| < €
and |wa(r) — we(z) — xaBN[¢B(z) — da(z)] — (xas — xBs)Nds(z)| < € are
satisfied at all collocation points with ¢ = 107°. Here, for given wa(z) and
wp(z), Egs. (7.4) and (7.5) are used to calculate ¢5(z) and ¢g(z), respectively,
after ¢ and ¢* are solved; ws(z) is then calculated as ws(z) = [wa(z) + wp(z) —
xaBNéc(z)]/2 + Nxasoa(z) + xnsén(@)] — (Xas + xss)N[1 — éc(2)]/2; and
és(z) is then calculated from Eq. (7.6). Finally, since the conjugate fields can
be shifted by an arbitrary constant without changing the density fields, we set

Qc = 1073 to obtain a unique solution.

Once the SCF equations are solved, we can define the brush height as

9 [t
h— ____f(; dzgo(z)e (6.11)
fo dzgc(x)
and the surface-layer composition as
l

dzoalz
3 (h) = ——-—f’} rlz) (6.12)

fh dzoc(z)

These two quantities are used to characterize the solvent-response of diblock

copolymer brushes.

In SCF calculations, a brush has an exponentially decaying tail, which in-

troduces some ambiguity in defining the brush height. For example, a different
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definition of brush height can be

3 fol dzdc ()2

hy =
? fol dzoc(z)

(6.13)
and ¢3L(hy) can be calculated using Eq. (7.14) with h replaced by hy. This issue

is discussed further in Sec. 6.3.2 below.

6.3 Results and Discussion

6.3.1 Solvent Treatment to Switch Surface Properties

In this work, we treat the diblock copolymer brushes by three different solvents:
neutral (xas = xms = 0), A-like (xas = 0 and yps = 0.8) and B-like (xas = 0.8
and xgs = 0), and use the difference in surface-layer composition between
the treatment by the A-like and B-like solvents to characterize the surface

switchability of the brush.

Fig. 6.1 shows the segmental distributions of a diblock copolymer brush in
these solvents. We see that, in the neutral solvent, A and B segments have about
the same volume fraction in the region beyond the brush height A marked by the
vertical line (referred to as the brush surface layer). In the A-like solvent, the
ungrafted (B) block is folded inside the brush to avoid its unfavorable contact
with the solvent, and the surface layer is dominated by A segments. In the B-like
solvent, however, the grafted (A) block is strongly pushed inside the brush, and

the surface layer is dominated by B segments.

Due to our small A-B incompatibility yap/N = 15 and chain-grafting den-
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sity o = 0.3 (this is still in the brush regime, the threshold of which can be
taken as o, = 0.289 with the regular hexagonal arrangement of grafting points),
the profiles in the neutral solvent shown in Fig. 6.1(a) are different from the
prediction of Ref. [57], i.e., the grafted block forms a step-like brush near the
substrate while the other block is expelled from this region and forms a parabolic
brush as the outer layer (at large o and xap > 0).% On the other hand, it is
interesting to note that, in the B-like solvent, the B segmental density profile
¢p(z) shown in Fig. 6.1(c) exhibits a small plateau near the grafting substrate;
similar results were also obtained in recent Monte Carlo simulations by Yin
et al.®® We attribute this to the presence of a depletion zone near the substrate
(i.e., the total polymer segmental density decays towards zero as the substrate is
approached, due to our boundary conditions for q), where the volume fraction of
the solvent is high according to the incompressibility constraint; the B segments
are therefore accumulated near the substrate due to their favorable interaction
with the solvent. While the depletion zone always presents in our modeling,

such a plateau in ¢g(z) is not found in the A-like solvent.

Given the different physical and chemical properties of A and B segments,
the results shown in Fig. 6.1 suggest that the surface properties of the diblock
copolymer brush can be switched by different solvents. This is, however, not
always the case; changing the copolymer composition fs from 0.8 in Fig. 6.1
to 0.5, for example, we find that the brush surface layer is always dominated
by B segments regardless of the solvent selectivity (see Fig. 6.2 below). In
addition, as shown in Fig. 6.1, different solvent treatments could also lead to
significant changes in the brush height. To better design such smart surfaces

for their applications, one needs to know how the surface-switching is affected
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by various factors. In the following, we investigate the influence of copolymer
composition fa (at either constant chain length N or constant A-block length
N,), chain-grafting density o, and A-B incompatibility xag/V on both the brush

height and surface switchability.

6.3.2 Effects of Copolymer Composition

Here we use a chain-grafting density o = 0.3, and in most cases a small A-B
incompatibility xagN = 15. The copolymer composition f is changed either by
varying N at a constant copolymer chain length N = 150, or by varying N at
a constant A-block length Ny = 120; the latter also allows us to examine the

effects of V.

At Constant Copolymer Chain Length (N = 150)

Fig. 6.2 shows how the surface-layer composition ¢3-(h) of diblock copoly-
mer brushes in different solvents changes with fa at constant N = 150; the
maximum surface switchability (i.e., the largest difference in ¢3L(h) between
treatments by the A-like and B-like solvents) is obtained at fa = 0.8. In
the neutral-solvent case, we see that the larger the fa, the larger ¢3L(h).
For fa > 0.5, ¢3L(h) in the neutral solvent lies between those in the A-like
and B-like solvents, and approaches the former as fj increases (and vice
versa). The surface-switching due to the treatments of the A-like and B-like
solvents can therefore be understood as the following: For fa > 0.7 this
is mainly due to the grafted (A) block which is pushed inside the brush in
the B-like solvent (as shown in Fig. 6.1(c)), while for fa < 0.6 this is mainly
due to the ungrafted (B) block which is folded into the brush in the A-like solvent.



6. Solvent-Response of Uncharged Diblock Copolymer Brushes 154

Fig. 6.3(a) shows how the brush height h in different solvents changes
with fa at constant N = 150. In the neutral-solvent case, h slightly increases
from that of the corresponding homopolymer brush (where fo = 0 or 1, or
xag = 0), due to the small A-B incompatibility yagN = 15 in the diblock
copolymer brushes. At a relatively low grafting density of ¢ = 0.3, the system is
dominated by interactions between the solvent and polymer segments, and the
A-B incompatibility only plays a minor role. In both cases of a selective (A-like
or B-like) solvent, we see strong effects of fa on the brush height h; these results
can be easily understood in terms of the number of segments in the swollen
block preferred by the solvent. In addition, the asymmetry about fy = 0.5 for

all the solid curves shown in Fig. 6.3(a) is due to the chain-grafting.

At Constant A-Block Length (Na = 120)

Fig. 6.2 also shows how ¢3%(h) in different solvents changes with fy at constant
Na = 120 (ie., at different N); for fo > 0.6, the results are close to those
at constant N = 150, indicating that the copolymer chain length N only has
weak influence on the surface switchability. This is in good agreement with
recent experiments by Xu et al., who measured the water contact angle of
diblock copolymer brush surfaces after different solvent treatments.53%* In their
combinatorial study, the height of the grafted block (denoted by ha) was fixed
while that of the ungrafted block (denoted by hg) varied across a sample, and
three samples with different hs were used. The measured water contact angles
were plotted versus hp in Fig. 6 of Ref. [54], which appeared as distinct curves
for different values of ha. Upon plotting their measured water contact angles
versus ha/(ha + hp) (a quantity similar to fa since at constant unnormalized

chain-grafting density (i.e., number of chains per unit area) the brush height
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is proportional to the polymer molecular weight in the brush regime), we see
that the curves for different values of ha collapse, suggesting that the copolymer
chain length N only has weak influence on the surface switchability. It further
shows the maximum surface switchability (i.e., the largest difference in water
contact angles between treatments by their A-like and B-like solvents) occurs
at ha/(ha + hg) = 0.7. While the lack of quantitative correspondence between
their experiments and our calculations (including that between the water contact
angle and ¢3%(h)) precludes quantitative comparison between the two studies,
both of them have indicated significant influence of copolymer composition on

the surface switchability.

For the cases of fo < 0.5 in the A-like solvent, we see in Fig. 6.2 abnor-
mally large differences between ¢5-(h) at Na = 120 and that at N = 150, which
we attribute to the high sensitivity of #2° on the definition of brush height
in these cases, instead of the effects of N directly on ¢3%. This is illustrated
in Fig. 6.4(a), where #3L(h) is compared with @3 (he) at constant Ny = 120;
we see that ¢3 is quite sensitive to the definition of brush height in the cases
of fo < 0.5 in the A-like solvent. In such cases, the B block collapses but
cannot be completely folded into the region of shorter A block; this results in a
two-step-like profile of the total segmental density ¢c(z) in our 1D calculations,
which in turn gives a large difference between h and hs, as shown in Figs. 6.4(b)
and 6.4(c). Since a brush has an exponentially decaying tail in SCF calculations,
this leads to a large difference between ¢3L(h) and ¢3(hg). 3D calculations,
however, are needed to confirm the two-step-like segmental distributions in such
cases. Note that large differences between h and h, are also found in the B-like

solvent for fy < 0.5, as shown in Fig. 6.4(b); this, however, does not give rise to
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noticeable differences in ¢35~ because both ¢3Z(h) and ¢3%(hy) are very close to

zero in such cases.

Finally, Fig. 6.3(b) shows how h in different solvents changes with fs at
constant Ny = 120. We see that h decreases with increasing fa in all cases.
These results are again easily understood in terms of the number of segments in
the swollen block preferred by the solvent. In the neutral-solvent case, our fitting
with h = ¢N® gives the scaling exponent a = 0.70, which is expected since both
blocks are in a good solvent and the small incompatibility xapN = 15 plays
only a minor role. Similarly, in the B-like solvent, our fitting with h = ¢; N§ + ¢o
gives a =~ 0.68, which is again expected since the grafted (A) block collapses
and forms a thin layer near the substrate; the diblock brush is therefore close
to a homopolymer (B) brush in a good solvent. This scaling, however, is not
obtained in the A-like solvent (except when fa is close to 1) due to the folding
of the ungrafted (B) block into the brush, which significantly changes the

conformations of the A block.

6.3.3 Effects of Chain-Grafting Density

Here we set N = 150, fa = 0.8, xapN = 15, and increase the chain-grafting
density o from 0.3 to 3. The CKE are used to calculate the chain propagators.
Figs. 6.5(a) and 6.5(b) show how ¢3L(h) and h vary with o, respectively, in
different solvents. We see that o has only weak effects on ¢3%(h). In particular,

2L(h) slightly decreases with increasing o in the A-like and neutral solvents.
This can be understood by comparing the segmental density profiles in the A-like
solvent shown in Figs. 6.1(b) (where ¢ = 0.3) and 6.5(c) (where o = 3); namely,
the denser the brush, the more difficult for the B block to be folded inside the
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brush.®” Further comparisons between the brush segmental density profiles with
xasN = 0 (data not shown) and 15 in the A-like solvent (both at o = 3) confirm
that this is indeed mainly due to the chain-grafting density rather than the A-B
incompatibility. Similarly, that ¢3*(h) increases with increasing o in the B-like
solvent is because the denser the brush the more difficult for the A block to be
pushed inside the brush. Increasing o therefore weakly decreases the surface

switchability.

On the other hand, Fig. 6.5(b) shows how h increases with increasing o.
Our fitting with A = co? gives 4 &~ 0.34 in both the neutral and A-like solvents.
This scaling, however, is not obtained in the B-like solvent, where the major
(A) block is in a poor solvent. Finally, for comparison the results obtained from
solving the MDE at low grafting densities are also shown in Fig. 6.5, which agree

with those obtained from solving the CKE.

6.3.4 Effects of A-B Incompatibility

Here we use two chain-grafting densities, ¢ = 0.3 and 3. The MDE are used
for calculating the chain propagators at o = 0.3, while the CKE are used
at 0 = 3. We also set N = 150 and fy = 0.8, and increase yagN from 0
to 120. Fig. 6.6(a) shows the effects of xapN on @¢3L(h), where we see that
the systems in the A-like solvent behave quite differently at the low and high
grafting densities. At o = 0.3, the A-B incompatibility has little effects on the
surface-layer composition, because the A-B repulsion plays little role compared
to the interactions between the solvent molecules and polymer segments due
to the low polymer segmental densities in the system. As o is increased by

ten folds, the effects of A-B incompatibility become much more pronounced.
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Particularly, in the A-like solvent, ¢3-(h) increases from 0.38 at xyapN = 40 to

0.56 at xagN = 80 and then levels off.

The increase of ¢3L(h) in the A-like solvent at ¢ = 3 can be understood
by comparing the segmental density profiles at xagN = 15 and 100 shown
in Figs. 6.5(c) and 6.6(b), respectively. At xapN = 15, the brush exhibits a
two-layer structure with a B-rich surface layer due to the high grafting density,
as discussed in the previous section. At yag/N = 100, the much stronger A-B
repulsion leads to a stronger segregation between A and B segments; the brush
therefore adopts a three-layer structure with a B-rich layer sandwiched between
two A-rich layers, and the brush surface is now dominated by A segments,

consistent with the solvent selectivity.

On the other hand, Fig. 6.6(a) shows that, in the B-like solvent, #3%(h)
does not change significantly with the A-B incompatibility at both grafting
densities. This is because the solvent selectivity already keeps most of the
A segments away from the surface layer (i.e., the brush exhibits a two-layer
structure with a B-rich surface layer); further segregation between A and B
segments due to the A-B incompatibility only slightly reduces the amount of A
segments in the surface layer. We are currently performing 3D calculations to

investigate the possible lateral inhomogeneity in diblock copolymer brushes.

Finally, the A-B incompatibility has little effects on the brush height (data not
shown). This is because the brush height is determined by the overall segmental
distribution while the A-B incompatibility affects mainly the segregation between

A and B segments.
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6.4 Conclusions

We have performed 1D self-consistent field (SCF) calculations in continuum to
study the solvent-response of uncharged diblock copolymer A-B brushes. All
copolymer chains are grafted by the same (A) end onto a flat and impenetra-
ble substrate that has no preference for the two blocks, and immersed in a
small-molecule solvent S. Our formalism explicitly accounts for the entropy of
polymer chains and solvent molecules, and the energetic interactions between
the polymer segments and solvent molecules (modeled by the Flory-Huggins
interaction parameters xam, Xxas, and yms). An incompressibility constraint is
also imposed, which requires the total volume fraction of A, B segments and
S be one everywhere in the system. In order to avoid the numerical problems
associated with the d-function initial condition specifying that all A-ends are
grafted at a small distance from the impenetrable substrate, we numerically
integrate the Chapman-Kolmogorov equations, rather than solving the modified
diffusion equations, when chains are strongly stretched (e.g., at a high grafting
density or in a good solvent). This gives much better numerical performance of

SCF calculations in such cases.

The solvent-response of the diblock copolymer brushes is characterized by
the changes of brush height and the surface-layer composition ¢3F (i.e., relative
fraction of A segments in the copolymers present in the region above the brush
height, referred to as the brush surface layer) in three different solvents: neutral
(xas = xBs = 0), A-like (xas = 0 and ygs = 0.8), and B-like (xas = 0.8
and xgs = 0). We have systematically studied the influence of copolymer

composition f, (volume fraction of A-block in the copolymer), copolymer chain
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length N, chain-grafting density o (number of copolymer chains per substrate
area of Na?/6 with a denoting the statistical segment length assumed to be the
same for both A and B segments), and A-B incompatibility xag /N on the solvent-
response of diblock copolymer brushes. Our results show that f, has significant
influence, while N has only weak influence, on the brush surface switchability;
the maximum surface switchability (i.e., the largest difference in ¢3- between
treatments by the A-like and B-like solvents) is obtained at fa = 0.8, regardless
of N. This is in good agreement with recent experiments.®*%* On the other
hand, increasing o weakly decreases the surface switchability. The effects of yap
are manifested only in the A-like solvent at a high grafting density (¢ = 3),
where, as xap/NV increases, the brush can change from a two-layer structure with
a B-rich surface layer to a three-layer structure with a B-rich layer sandwiched

between two A-rich layers.

Different solvent treatments can also lead to significant changes in the
brush height. The variations of brush height with f4 and N are easily under-
stood in terms of the number of segments in the swollen block preferred by the
solvent. The brush height increases with increasing o, while xagN has little
effects on the brush height. That a brush has an exponentially decaying tail in
SCF calculations could lead to some ambiguity in defining the brush height and

correspondingly the surface-layer composition.

Our work can provide some guidance to the design of smart surfaces from
diblock copolymer brushes best suited for targeted applications. On the other
hand, when at least one of the blocks is charged, other stimuli such as ionic

strength, pH, and applied electric field can also be used to switch the brush
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surface. These will be the topics of our future publications.
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Fig. 6.1: Segmental distributions of a diblock copolymer brush {(N=150, fA=0.8, 0 =
0.3, and xasN = 15) in (a) the neutral solvent, (b) the A-like solvent, and
(c) the B-like solvent. The vertical line in each plot marks the brush height
h.
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dotted horizontal line in part (a) marks the brush height of the corresponding
homopolymer brush (i.e., xap = 0) in the neutral solvent.
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lated surface-layer composition ¢35~ of diblock copolymer brushes in different
solvents. (b) Difference between h and kg of diblock copolymer brushes in
different solvents. (c) Segmental distributions in the exponentially decaying
tail of a diblock copolymer brush (with fy = 0.4) in the A-like solvent. The
inset shows the complete segmental distributions of the brush. In all cases,
Na =120, o = 0.3, and xagN = 15.
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Fig. 6.6: (a) Effects of A-B incompatibility xas/N on the surface-layer composition
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segmental distribution in the A-like solvent at xag/N = 100 and ¢ = 3. In all
cases, N = 150 and fa =0.8.
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7. STIMULI-RESPONSE OF CHARGED DIBLOCK
COPOLYMER BRUSHES

7.1 Introduction

The central issue of using polymer brushes to make “smart” surfaces is to investi-
gate what and how external stimuli can be used to trigger the conformational or
compositional changes in brushes in a desired way. Compared to neutral polymer
brushes, charged polymer brushes (polyelectrolyte), which consist of charged
polymer chains densely grafted onto a surface, experience conformational and
compositional changes in response to external stimuli such as the the solution pH
value, ionic strength as well as the presence of external electric field in addition to
solvent quality. Such simultaneous manifestation of nonelectrostatic short range
interaction and electrostatic forces in the polyelectrolyte brushes provide peculiar
behavior of these systems, making the polyelectrolyte brushes a very promising
candidate material to be used in applications such as colloid stabilization and
flocculation, friction weakening, selective membrane modification, drug delivery,

nano actuator, etc.®

Due to such great practical interests, the polyelectrolyte brush system has

been actively studied both theoretically’™'3 and experimentally*™3* in the recent

years. In particular, great progress has been made using theory approaches.
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The pioneering work by Pincus® demonstrated the scaling laws of polyelectrolyte
brushes in two regimes. In the “osmotic” brush regime with dense and strongly
charged brushes, the brush height is independent of salt concentration. Mobile
ions are trapped inside the brush compensating the immobilized charge of the
tethered polyions and the brush is swollen due to osmotic pressure of counterions
from inside. In the Pincus regime, with sparse tethering of the polyions and low
degrees of ionization, the electrostatic attraction between the tethered polyions
and mobile ions is not sufficient to trap the counterions inside the brush, thus the
distribution of counterions is far beyond brush region. The scaling dependences
for the thickness and other brush properties are different. Such observations had

also been supported by other scaling studies.®8

In addition to the scaling behavior, the intrinsic structure of polyelectrolyte
brushes (brush profiles) is also of great interest to study. By invoking the local
electroneutrality approximation, Zhulina et al® used a free energy model that
includes the elastic free energy (adopted from strong stretching neutral polymer
chains), electrostatic interaction (approximated by the Debye-Huckel approxi-
mation). The brush profiles is then obtained by minimizing the free energy with
respect to the polymef segmental density. This model is valid for situations
where counterions are strongly trapped inside brush, so that all polyions are
completely compensated by the neighboring counterions. For the opposite
situations where counterions are distributed far beyond the brush region, Borisov
et al.'! approximate the polyelectrolyte brushes as a “capacitor” model in which
the polyions and counterions are assumed to be distributed within two separate
regions. Under the approximation of strong stretching polymer chains, the full

scale self-consistent analytical model uniting the two extreme cases is proposed
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in the later work by Zhulina et al.® Along with the analytical models, numerical
self-consistent calculations had been conducted on polyelectrolyte brushes by
several authors,.1'%1%13  With very few approximations, the numerical SCF
calculations is advantageous to the analytical models in that they are not limited
to special cases and are able to provide much accurate and complete information
about the brush segmental profiles, distributions of polymer segment, mobil ions

as well as electrostatic potentials.

Compared to the large volume of work published on charged homopolymer
brushes, very little study has been reported on two-component polyelectrolyte
brushes including charged mixed brushes and charged diblock copolymer
brushes. Compared to charged homopolymer brush, two-component polyelec-
trolyte brushes exhibit the responses in both conformational and compositional
change such that a much richer stimuli-response behavior can be expected.
Compared to mixed brushes, diblock copolymer brushes eliminate the influence
of nonuniform distribution of grating points bf different homopolymer chains,
and can therefore produce more uniform surfaces. In this section, our focus
is to use numerical self-consistent calculations to study for a charged diblock
copolymer brushes how external stimuli, such as the solvent quality, solution pH
value, solution ionic strength and the presence of external electric field affect
the brush conformation as well as its surface-layer composition that are the two

most important factors characterizing the stimuli-response of polymer brushes.
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7.2 Theoretical Formalism and Numerical Methods

Self-Consistent Field Theory for Charged Diblock Copolymer Brushes

Based on self-consistent field (SCF) theory for polyelectrolytes system,'* we
summarize our SCF equations here; readers are referred to Ref. [14] for detailed

derivation and explanation of this theory.

The diblock copolymer polyelectrolyte brushes are formed by diblock copolymers
A-B of chain length N all grafted by the A-end onto a flat and impenetrable
substrate placed at x = 0. We only consider monovalent systems with one of
the two blocks charged. The brush is immersed in a small-molecule solvent S,
and is in equilibrium with a bulk solution with salt concentration of c,,. We
assume that the counterions from polyelectrolytes are identical to the ions from
salt that carry the same type of charges, and denote cations by + and anions
by —. We also assume that the dielectric constant of the system ¢ is position
independent. We further neglect the short-range interactions for all small ions
and the energetic preference of the substrate, assume that all polymer segments
have the same density pp as the solvent molecules and the same statistical

segment length a, and ignore the volume of small ions. Our SCF equations are

wa(r) = xaNes(r) + xasNos(r) +n(r) (7.1)

wp(r) = xaBNea(r) + xssNes(r) + n(r) (7.2)

ws(r) = xasN@a(r) + xss Nn(r) + n(r) (7.3)
5 fa

Ba(r) = gﬁc /0 dsq(r, 8)g"(r, 1 ~ 5) (7.4)
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= ?ZQ 1 sq(r,s)g"(r,1—s

o) = £ [ dsatr, 90" (s, 1) 75)
_ ¢s _ws(r)

¢s(r) = @exp { N ] (7.6)
84(8) = cupexp [—4(r)] (77)
6 () = copexp Y (r)] (78)
a2 )P 1 g0 - 60+ VO =0 (19)
¢a(r) + é(r) + ¢s(r) =1 (7.10)

Here ¢a(r), ¢p(r), ¢s(r) are the normalized (by po) density fields of A, B
segments and solvent molecules, respectively; and wa(r), wg(r) and ws(r) are the
conjugate fields interacting with the corresponding species. ¥(r) is the (purely
imaginary) electrostatic potential in units of kgT/e. The (purely imaginary) field
n(r) imposes the incompressibility constraint Eq. (7.10). We use xap to denote
the Flory-Huggins interaction parameter between A and B segments. Similarly,
xas and ygs denote the Flory-Huggins interaction parameters between solvent
molecules and A or B segments, respectively. The copolymer composition
is denoted by fa = Na/N, where N, is the A-block length, and s € [0,1]
denotes the segmental position along the chain contour. ap € [0,1] where
P = A, B denotes the degree of ionization of the P type segment. For smeared
charge distribution (strongly dissociating polyelectrolytes) ap corresponds to
the charge fraction on each P type segment pp; for annealed charge distribution
(weakly dissociating polyelectrolytes) ap corresponds to the probability of a
segment of type P being in the dissociated state. Hence, gp(r) = —apupy)(r)

for smeared charge, and gp(r) = In[1—ap+apexp(—vpi(r))] for annealed charge.
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The propagator q(r,s) corresponds to the probability of finding a copoly-
mer chain of length sN that starts from the A-end (where s = 0) and ends at
position r, and is calculated from the following Chapman-Kolmogorov equation

(CKE)™

exp[—ds(wa(r) — Nga(r))] fdr'®(r —r')g(r',s) for 0<s< fa

exp[~ds(ws(r) — Ngg(r))] [dr'®(r — r')¢(r/,s) for fa <s<1
(7.11)

q(r,s+ds) =

with the corresponding initial and boundary conditions discussed later. ®(r —
') = (4nds)~4? exp(—|r — r'|?/4ds) corresponds to the probability for a Gaus-
sian chain to propagate from r’ to r over a small length of Nds, and d is the
dimensionality of the system. Similarly, the propagator ¢*(r,t) with t =1 — s
corresponds to the probability of finding a copolymer chain of length ¢t N that
starts from the B-end (where s = 1) anywhere in the system and ends at r, and

it satisfies

exp[—dt(ws(r) — Ngg(r))] [dr'®(r — r')¢*(r',s) for0<t<1— fa

exp[—dt(wa(r) — Nga(r))] fdr'®(r — r')g*(r/,s) for1—fa<t<1
(7.12)

g (r, t+dt) =

The commonly used modified diffusion equation in calculating the chain propa-
gators is actually obtained from the CKE after Taylor expansion, which requires

q be continuously differentiable.

In Egs. (7.4)~(7.6), Qc = [drq(r,s)g*(r,1—5)/V, Qs = [ drexp[-ws(r)/N]/V;
dc = [dr[ga(r) + ¢(r)]/V, and ¢s = 1 — ¢¢, where V denotes the system
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volume. Note that by writing Egs. (7.7),(7.8) we have set ¥/(z — c0) = 0. We nor-
malized all the distance by R, = a\/N—/6 in the above equations. The normalized
dielectric constant is defined as € = 3kpTe/(2mpoe?a?), where the unnormalized
dielectric constant ¢ is in units of 4mey, and € = 8.8854 x 107'2(A -5)%/(J - m) is

the permittivity of vacuum.

Assuming lateral homogeneity, we perform 1D calculations in the spatial
domain of 0 < z < I, where [ is chosen to be large enough such that the
total polymer segmental density ¢dc(z) = da(z) + dp(z) < 1075, 9(z) < 1073
and di(z)/dz < 107° near z = [ in all cases. The volume-averaged polymer
segmental density ¢ is then related to the chain-grafting density o (i.e., number
of chains per substrate area of RZ) by ¢c = 6'5¢/v/NI, where we have used
po = a~3. We apply the Dirichlet boundary conditions of ¢(z, s) = ¢*(z,s) = 0 at
z = 0 and [ for all s, together with the initial condition of ¢(z,s = 0) = é(z — a)
for Egs. (7.11) (we assume that all the A-ends are grafted at z = a); the initial
condition of ¢*(z,t = 0) = 1 at 0 < z < [ is also used. To solve Eq. (7.9),
an auxiliary function ¥(z) = ¥(z) — vo(x) is constructed. In the case where
wsr = (x = 0) is fixed, we set Po(z) = —spz/l + sp and then the laplace of
¥(z) becomes dp(z)/dz? = d?*p(z)/dz? + d?po(z)/dz?, where d2yy(z)/dz? can
be analytically calculated, the term d2¢(z)/dz* however can be calculated using
the fast sine transform. This corresponds to applying the Dirichlet boundary
condition. On the other hand if instead the surface charge density at the grafting
substrate ogr is fixed, with the knowledge that the surface charge density is
related to the electrostatic potential by —ospN/e = diy(z)/dz}x—0, we choose
Yo(z) such that dy(z)/dz = xospN/el — ospN/e. Again, d%y)p(z)/dz? can be

analytically calculated, the term d%¢(z)/dz? can now be calculated using the



7. Stimuli-Response of Charged Diblock Copolymer Brushes 182

fast cosine transform. This corresponds to applying the Neumann boundary

condition.

7.2.1 Numerical Methods and Calculated Quantities

We calculate the propagators from the CKE using the Romberg inte-
gration® in all cases. In our calculations, the chain contour is uni-
formly discretized into 200 steps, and the spatial domain is uniformly
discretized into 256 subintervals. The SCF equations are solved in
real space by the Broyden method combined with a globally conver-
gent strategy,3” and the convergence criteria of |dc(z) + ¢s(z) — 1| < ¢
|wa(z) — wa(z) — xaBN([dB(z) — ¢a(@)] — (xas — xBs)N¢s(z)| < € and the left
hand side of Eq. (7.9)< e are all satisfied at all collocation points with ¢ = 1078.
Here, for given wy(z), wg(z) and ¥(z), Egs. (7.4) and (7.5) are used to calculate
éa(z) and ¢p(x), respectively, after ¢ and ¢* are solved; ws(z) is then calculated
from ws(z) = [wa(z) + wa(z) — XaBN¢c(2)]/2 + N[xaspa(z) + xBsB(Z)] —
(xas + xBs) N[l — ¢c(z)]/2; and ¢s(z) is then calculated from Eq. (7.6). Finally,
since the conjugate fields can be shifted by an arbitrary constant without
changing the density fields, we set Qc = 1073 to obtain a unique solution. The
numerical calculations for binary blends brushes stays the same except that we
set the discretization along A chain ny = 200 and that for B chain satisfies

ng/na = 0 so that ds = 1/n, for both A and B chains.

Once the SCF equations are solved, we can define the brush height as

b — 2f(f dzoc(z)z

7.13
fédzqﬁc(z) (7.13)
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and the surface-layer composition as

1
dzga(z)

a-(h) = —f’é (7.14)
[, dzodc(z)

These two quantities are used to characterize the stimuli-response of diblock

copolymer brushes.

In charged diblock copolymer brushes it is useful to quantify the spread-
ness of each blocks. We define the spreadness of the P (P= A or B) block

as

1 l
Sp= /1 / (z — cp)?p(z)dz (7.15)
¢pl Jo
where cp is the mass center of block P, calculated by

1 )
cp = E;/; CE(Z)p((L‘)d(L‘ (7.16)

7.3 Results and Discussion

Diblock copolymer AB brushes show stimulus response upon treatments by sol-
vents preferring different blocks. The response is reflected by the change in brush
surface layer composition and brush height. In particular, the change in surface °
layer composition characterizes the switchability of brush surfaces. According
to our previous study,®® when treated by different solvent the biggest change
in brush surface layer composition is observed when the copolymer composition
fa ~ 0.8. For charged DBC brushes, however, due to the presence of charges on
polymer chains, other variables can also affect the surface switchability, includ-

ing the amount of charges on polymer chains, the ionic strength in the solutions
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and the external electric field. In this section, we will investigate systematically
how each of these variables affects the surface switchability of charged polymer
brushes. For comparison, all calculations in this section are under the same con-
ditions as in our neutral brush studies, i.e., fo = 0.8, xasN = 15, and 0 = 0.3.
We set xas = 0, xss = 0.8 for A-like solvent and xas = 0.8, xgs = 0 for B-like
solvent. For simplicity we consider the situation that only one of the two polymer
blocks (either A or B) is negatively charged and the counterions released by the

polymer chains are assumed to carry positive charges.

7.3.1 Effect of Charge

Fig. 7.1 shows the surface-layer composition as a function of the charge fraction
on the A block (B block being neutral) in different solvent conditions and salt
concentrations under neutral surface condition (osp = 0). In the B-like solvent,
$3L quickly increases with ps and then levels off. In the A-like solvent ¢3~
slowly increases with pa, however the magnitude is much smaller than that in
the B-like solvent. This makes the difference in ¢35~ in the two different solvent
conditions decrease, which suggests that switching surface layer composition via
solvent treatments becomes less effective. This happens because the charges on
the A block make the effective solvent quality for A segments better, and in the
B-like solvent as the charge fraction increases the effective solvent quality for
both blocks will eventually equals each other, as the result the solvent treatment

becomes ineffective in switching the surface composition.

To better illustrate this, we apply Flory-Huggins theory to a free chain
AB diblock copolymer in B-like solvent (xgs = 0) with the A block being

charged and for simplicity the two blocks are assumed to be compatible :.e.,
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xaB = 0. The free energy of the system can be expressed as

£ =106+ (1~ in(1 - 6) + xasfad(l ~ 9

+ (pafad + csp)In(pafad + csp) + csplncs (7.17)

with the last two terms accounting for the entropy of small ions. After Taylor
expanding the last two terms and combine with the solvent block interac-
tion term, the effective solvent quality for A block can be approximated by
xH = xas — pifa/2¢c.p. As we discussed before, x5 becomes smaller as
pa increases, and vanishes at pa = ps, o = m, which means that
the B-like solvent becomes effectively neutral at this charge fraction. This
value agrees well with the charge fraction obtained from SCF calculations when

2L = ¢§*, as shown in the Table 7.1.

Cs,b DA, c | Pa at §3° = ¢5r
0.002 | 0.063 0.076
0.02 0.20 0.22
0.2 0.63 0.70

Tab. 7.1: Comparison of pa, . calculated using Flory-Huggins theory and pa (at ¢§L =
#3L) from self-consistent field calculations at different bulk salt concentra-
tions.

Table 7.1 and Fig. 7.1 also show that, at smaller salt concentration csp,
the charge fraction required to achieve the effective neutral solvent condition
becomes smaller, as should be expected. Such a behavior could allow the salt
concentration to be used as a stimulus to switch the surface layer composition
when the polymer chains are weakly charged. However this tactic will only work

when the brush is in B-like solvent. Fig. 7.1 then reveals the complicate interplay
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and intricate balance of the effects of charge fraction, salt concentration (ionic

strength) and solvent selectivity on switching the brush surface layer properties.

Fig. 7.2 shows the brush surface layer composition as a function of the
charge fraction on the B block (A block being neutral) in A-like and B-like
solvents and two different salt concentrations, again under neutral surface
condition (osp = 0). It’s interesting to see that the surface layer composition of
A segments increases with pg in B-like solvent, which is the opposite to what
is expected based on the argument of effective solvent quality just established.
The brush segmental density profiles at pg = 0 and pg = 1 in B-like solvent are
shown in Fig. 7.2. Comparing the two figures, it can be seen that at pg = 0,
A block collapses near to the substrate due to the poor solvent quality, and B
block dominates the surface layer leading to a small ¢3°. At pg = 1, A block
still stays in the collapsed state, however, due to the electro-static repulsion
among the charged B-type segments B block spreads out. The degree of block
spreading defined by Eq. 7.15 becomes greater as the charge fraction on the
B block increases, as shown in Fig. 7.3. Such spreading consequently reduces
the volume fraction of the B block in the brush surface layer and thus lead to

increased ¢3C.

In conclusion, the response of brushes to solvent treatment will be reduced by
charging either A or B block. Such result reflects the two different effects of
charges on DBC brushes, i.e., improving the effective solvent quality; spreading

the charged block. Sometime the two effects play against each other.
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7.3.2 Effect of Solution pH

Unlike the situation of strongly dissociating polymers where the charge fraction
on the polymer is constant in solution, the degree of ionization of weakly
dissociating polymers depends on the local dissociation equilibrium condition,
and such equilibrium conditions will be affected by the solution pH value. As a
potential stimulus, it is then of interest to investigate how the charged polymer

brushes respond to solution pH changes.

Fig. 7.4 shows surface layer composition of brushes made of weakly disso-
ciating polymer chains as a function of pH value in bulk solution. Because
polymers are assumed to be negatively charged, the solution pH value and degree
of ionization of polymer segments ap are related by pH—pKp = log(ap/(1—ap)),
where pKp is the intrinsic dissociation constant of segment of type P. Therefore
the increase in pH will increase the degree of ionization of polymer segments
leading to more charges on polymer chains. As the result, the results shown in
Fig. 7.4 are very similar to the effects of charge fraction in the cases of strongly
dissociating polymers brushes. For weakly dissociating DBC brushes, in B-like
solvent, a change of one unit in the bulk solution pH can switch surface layer
composition significantly, suggesting that the solution pH can be used as a very

effective stimulus.

7.3.3 Effect of Applied Electric Field

All of the discussion in the last two sections have been associated with neutral
surface condition, where the grafting substrate does not carry any electric

charges. For charged DBC brushes, however, applying electric potential on the
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substrate is probably the most direct way to switch a brush surface. In this
section we will investigate how the electric static potential at the substrate

sk = ¥(z = 0) affects the surface layer composition of charged DBC brushes.

We only consider strongly dissociating polymer brushes in this section
with only one block (either A or B) charged and the charge fraction ps = 0.06
and pg = 0.4 are chosen. According to Fig. 7.1 and Fig. 7.2, in a bulk
salt solution of concentration c,;, = 0.002, the brush surface switchability
upon solvent treatment (characterized by ¢34 jye — A p_ixe) iS almost com-
pletely missing under the neutral surface condition. For convenience we denote

the electric static potential at the substrate ¥sr at neutral surface condition as .

Fig. 7.5 and Fig. 7.6 show how the surface layer composition changes when
Ygr is adjusted so that the substrate starts wearing charges. In Fig. 7.5, when
1sp < Yo the substrate becomes negatively charged. While the charges on the
A-block keep the block spread out, the electric static repulsion between A-block
and the substrate only keeps the charged block a bit further away from the
substrate in both A-like and B-like solvents. Therefore not much changes in
surface layer composition is observed in both cases and the surface switchability
remains low. As isp > 1), the substrate becomes positively charged, in which
situation the A block will be attracted by the grafting substrate. Therefore the
A block will starts collapsing near to the substrate as isr increases. In B-like
solvent, such collapse is accelerated by the poor solvent quality, therefore a deep
drop in ¢3* is observed. In A-like solvent, however, the collapse is counteracted
by the good solvent quality that keeps a tail part of the A block extended with
the B block pushed inside it such that ¢3~ slightly increases as shown in Fig. 7.7.



7. Stimuli-Response of Charged Diblock Copolymer Brushes 189

With the B block charged, Fig. 7.6 shows that when vsp < 1, the sur-
face layer composition stays almost constant in both A-like and B-like solvents.
To help to understand this Fig. 7.8 shows the comparison of brush density
profiles at 9sp = —7 and ¥sp = 1) in A-like and B-like solvents respectively.
The effects of negative charges on the grafting substrate is to push the B block
away from the substrate, while the structures near the brush surface layer stays
relatively unchanged. As v¥sr > 1o B block becomes attractive to the positively
charged substrate, and collapses near to the substrate leaving the brush surface
layer completely dominated by A segments as shown in Fig. 7.9. Therefore a

sharp increase in ¢35 is observed.

7.4 Conclusion

We have performed 1D self-consistent field (SCF) calculations in continuum
to study the stimuli-response of charged diblock copolymer A-B brushes. All
copolymer chains are grafted by the same (A) end onto a flat and impenetra-
ble substrate that has no preference for the two blocks, and immersed in a
small-molecule solvent S. The system is in equilibrium with a bulk salt solution.
We only considered monovalent systems with one of the two blocks charged.
Our formalism explicitly accounts for the entropy of polymer chains, small ions
and solvent molecules, and the short-range interactions between the polymer
segments and solvent molecules (modeled by the Flory-Huggins interaction
parameters yas, Xas, and xgs), and the electro-static interactions in the system.
An incompressibility constraint is also imposed, by neglecting the volume of ions

this constraint requires the total volume fraction of A, B segments and S be one
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everywhere in the system. In order to avoid the numerical problems associated
with the d-function initial condition specifying that all A-ends are grafted at a
small distance from the impenetrable substrate, we numerically integrate the
Chapman-Kolmogorov equations, rather than solving the modified diffusion
equations. This gives much better numerical performance of SCF calculations in

such cases.

The stimuli-response of the charged diblock copolymer brushes involves
complicate intérplay of the effects of different stimuli, namely, charge fraction on
polymer chains (or solution pH value for weakly dissociating polymers), solution
salt concentration, external electric field and solvent selectivity. We have studied
the influence of these stimuli on the brush surface-layer composition @3- (i.e.,
relative fraction of A segments in the copolymers present in the region above the
brush height, referred to as the brush surface layer) and we found that charges
on polymer chains can improve the effective solvent quality for the charged
block, while at the same time spread the block. Sometimes, these two effects
play against each other in affecting the surface-layer composition. The effects
of solution pH value for weakly dissociating polymer brushes are essentially
those of the charge fraction for strongly dissociating polymer brushes. Sharp
response in surface-layer composition can be achieved by adjusting solution
pH. Oppositely charged grafting substrate can switch the brush surface-layer
composition abruptly under certain solvent conditions, by attracting the charged

block near to the substrate or pushing it away.

However all the influence of these stimuli are effective under certain con-

ditions, it is therefore important to understand the underlying physics in order
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to use them to switch the properties of brush surfaces. Our work reveals such
subtle balance and can thus provide some guidance to the design of smart

surfaces from charged diblock copolymer brushes for targeted applications.
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Fig. 7.1: Surface layer composition q,‘)SAL as a function of the charge fraction on the
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Fig. 7.2: Surface layer composition q,‘)iL as a function of the charge fraction on the
B-block, under neutral surface condition (osp = 0) at different bulk salt

concentrations.
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Fig. 7.3: The spreadness of the A and B-block calculated from Eq. 7.15 of DBC brushes
as a function of the charge fraction on the B-block under neutral surface
condition osr = 0, at ¢, = 0.002.
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Fig. 7.4: Surface layer composition ¢iL of weakly dissociating DBC brushes as a func-
tion of the difference between pH value in bulk solution and intrinsic dissocia-
tion constant of the charged specie, under neutral surface condition (ogr = 0).
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Fig. 7.6: Surface layer composition qﬂL of B-block charged (pg = 0.4) DBC brushes
as a function of the electro static potential on the grafting substrate ¥sr, at
Csp = 0.002.
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Fig. 7.7: Comparison of segmental density profiles of A-bock charged (ps = 0.06) DBC
brushes obtained at neutral surface asp = 0 (¥sr = %o) and (a) positively
sy = 7 charged surface; (b) negatively charged surface ¢sp = —7 in A-
like solvent condition. The vertical dashed lines in the two plots indicate
the position of brush height for ysg = 1p9. The vertical solid lines show
the position of brush height for ysg = 7 and ¢¥sp = —7 in the two plots
respectively.
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Fig. 7.8: Comparison of segmental density profiles of B-bock charged (pg = 0.4) DBC
brushes obtained at neutral surface osp = 0 (¥sp = 1)) and negatively
charged surface Y¥sp = —7 in (a) A-like solvent condition; (b) B-like solvent
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Fig. 7.9: Comparison of segmental density profiles of B-bock charged (pg = 0.4) DBC
brushes obtained at neutral surface osp = 0 (¥sF = ¥o) and positively charged
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Part 11

PROSPECTIVES



8. CONCLUDING REMARKS AND FUTURE WORK

In this section we will conclude briefly all the studies in this dissertation, and
then point out some extensions that can be poésibly made based on the current

work.

8.1 Diblock Copolymer under Nano-Confinement

Our investigations begin from the simplest case: symmetric diblock copolymer
under planner confinement of two homogeneous surfaces. The effects of surface
preference and film thickness are both studied. Much richer phase behaviors
are observed compared to that in bulk condition where only one dimensional
lamellar structure can be formed. In particular, complex three dimensional
structures are found under certain surface conditions and their stabilities against
other candidate structures are proved. We further extend our study to situations
where the confining surfaces are not flat but of geometrical shapes, i.e., elbows
formed by two side walls angled to each other. Lamellae formed under such
conditions exhibit bend and arc structures. The correlations between the elbow
angle and the lamellar tilting angle with respect to the side walls are identified
from our calculations and agree well with experimental observations. As to the
asymmetric diblock copolymers, we studied the directed assembly of cylinder
forming DBC on chemically patterned substrates with pattern stripes preferring

the minor block. By adjusting the stripe spacing to be incommensurate with bulk
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cylinder periods, the cylinders are observed to be alternately oriented parallel to
the surface on preferential stripes and perpendicular to the surface on neutral
stripes, constituting a novel complex morphology. Our calculations agree with
experiment data and further provide insightful information on the complex three
dimensional structures that are otherwise difficult to be completely resolved in

experiments.

Besides all these achievements in our efforts to study diblock copolymer
under nano-confinement using the self-consistent field theory, some improve-

ments can be made in the following aspects.

Numerical scheme: The crux of SCF calculation is in solving the mod-
ified diffusion equation (MDE). In our study, the Fourier transform based
schemes have been used in the spacial dimension, which requires a rectangular
system volume. In studies of systems on geometrically patterned substrate,
for example in Chapter 4, in order to create substrate with elbow patterns
we imposed generalized incompressibility conditions at all positions to keep
polymers out of the side walls. Such approach is simple to be implemented and
in principle can be designed to produce geometrical patterns of any shapes.
However, it has some draw backs. First, computational power is wasted since
the computation domain includes the polymer depleted regions where solutions
are of no interest. Second, the narrow interface between polymer occupied
region and polymer depleted region leads to numerical difficulties in converging
the self-consistent field equations. In order to solve the two problems polymer
depleted region needs to be excluded from the computation domain, possibly

leaving the system in a irregular shape. In this situation, the finite element
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scheme becomes a ideal choice to be implemented in solving the MDE for its

flexibility in dealing with irregular volume and boundary conditions.

Chain structures: All of our studies so far are concerned with flexible
polymer chains whose chain energy depends only on the bond length. The SCF
calculations can surely be extended to other chain models such as semiflexible,
rigid rod, or rigid-coil chains. These models are important because they represent
systems that are of practical interests, such as lipids, DNA molecules and liquid
crystals. In these situations the chain rigidity also needs to be considered, as
the result the modified diffusion equation will have different forms and new

numerical methods needs to be developed.

8.2 Smart Surfaces of Polymer Brushes

Polymer brushes can be used to make the so called ”smart” surfaces that can
exhibit configurational and/or compositional change in response to external
stimuli. The second part of this dissertation is devoted to answering the question

of what stimuli can be used and how polymer brushes respond to them.

We have first studied one-component brushes, i.e., a homopolymer brushes, the
PNIPAM brushes in water solution. Due to the hydrogen bonding of PNIPAM
segments with water molecules, the PNIPAM brushes show configurational
changes with temperature that can be characterized by the thermal response
of brush height. Our SCF calculations show that the temperature at which
such thermal response is maximized is determined by the grafting density, while

the chain length controls the magnitude of change in brush height. We then
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extended our interests to the study of diblock copolymer (DBC) brushes where
the grafted polymer chains consists of two chemically distinct blocks (A and
B). By setting the solvent selectivity, both configurational and compositional
responses can be achieved through solvent treatments. Our studies show that
among all the factors that may affect the solvent response of DBC brushes,
copolymer composition (Na/(Na + Ng))is by far the most important one.
There exists a optimum value of copolymer composition at which brush surface
layer exhibit largest compositional switching when treated by A-like and B-like
solvents successively. Finally, we investigated the stimuli-response of charged
DBC brushes. Given the vast parameter space encountered here, we conducted
our study based on the uncharged DBC brushes and explored the effects of
charge fraction on polymer chains, solution pH and ionic strength, and applied
electric fields on the brush surface-switching; the work in this dissertation reveals
the complex interplay between different stimuli in such systems. At last two
possible extensions from the current work on polymer brushes can be made in

the following two aspects.

Mixed homopolymer brushes: Another type of two-component brushes
are mixed homopolymer brushes where two types of homopolymer chains are
randomly grafted onto substrates at a certain volume fraction. While there
have been a few studies on the solvent response of neutral mixed homopolymer
brushes, the charged mixed homopolymer brushes are largely left unstudied,

which becomes a natural extension of the current work.

Multi-dimensional calculations: All of our studies on polymer brushes

so far are through one dimensional calculations where lateral homogeneity is
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always assumed. However in situations such as in bad solvent condition, the
lateral inhomogeneous structures are usually formed and the surface roughness
from this lateral inhomogeneity becomes important in many applications. As
importantly, the assumption of lateral homogeneity also limits our ability to
study polymer brushes of grafting patterns. To release this lateral homogeneity
assumption three dimensional calculations then become necessary to provide us

fully resolved brush structures.
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