WeierstraB-Institut
fir Angewandte Analysis und Stochastik

Leibniz-Institut im Forschungsverbund Berlin e. V.

Preprint ISSN 2198-5855

Self-consistent field theory for a polymer brush
Part lI: The effective chemical potential

Andreas Miinch|"| Barbara Wagneff|

submitted: November 26, 2019

' Mathematical Institute 2 Weierstrass Institute
Andrew Wiles Building, Woodstock Road Mohrenstr. 39
Oxford, OX2 6GG 10117 Berlin
UK Germany
E-Mail: muench@maths.ox.ac.uk E-Mail: barbara.wagner@wias-berlin.de
No. 2649
Berlin 2019

2010 Mathematics Subject Classification. 74H10, 82B21.
2010 Physics and Astronomy Classification Scheme. 02.30.Myv, 61.25.H-.

Key words and phrases. Self-consistent field theory, asymptotic analysis, chemical potential.



Edited by
WeierstraB3-Institut flir Angewandte Analysis und Stochastik (WIAS)
Leibniz-Institut im Forschungsverbund Berlin e. V.

Mohrenstraf3e 39

10117 Berlin

Germany

Fax: +493020372-303

E-Mail: preprint@wias—-berlin.de

World Wide Web: http://www.wias—-berlin.de/


preprint@wias-berlin.de
http://www.wias-berlin.de/

Self-consistent field theory for a polymer brush
Part ll: The effective chemical potential
Andreas Minch, Barbara Wagner

Abstract

The most successful mean-field model to describe the collective behaviour of the large class
of macromolecular polymers is the self-consistent field theory (SCFT). Still, even for the simple
system of a grafted dry polymer brush, the mean-field equations have to be solved numerically.
As one of very few alternatives that offer some analytical tractability the strong-stretching theory
(SST) has led to explicit expressions for the effective chemical potential and consequently the free
energy to promote an understanding of the underlying physics. Yet, a direct derivation of these
analytical results from the SCFT model is still outstanding. In this study we present a systematic
asymptotic theory based on matched asymtptotic expansions to obtain the effective chemical
potential from the SCFT model for a dry polymer brush for large but finite stretching.

1 Introduction

SCFT has established itself as the mean-field model for polymers of high molecular weight [3} [11].
Since the pioneering works of Edwards [2] and Helfand [4] it has been applied to polymer systems for a
range of macromolecular architectures, such as block copolymers, or polyelectrolytes and for different
geometrical conditions [3]. It has been experimentally validated for a number of phenomena such as
the phenomenon of authophobic dewetting of a polymer film from a chemically identical polymer brush,
and various phase transitions of block copolymers [5, [18]. Its success has inspired investigations on
the theoretical side to derive approximations that allow analytical understanding and therefore also
more physical insight into the problem of interest instead of relying completely on numerical solutions
as is the case even for the simple case of a polymer brush. However, for the case of densely grafted
chains leading to a stretching of the chain such that their length L is large compared to their radius
of gyration 1?,, the so-called strong-stretching theory (SST) was developed [7, [8, [14, 15, [19} [20].
However, as discussed in [13] significant discrepancies have been noted and in particular in [10]
(and references therein), for the case of autophobic dewetting (relating to the prediction of interfacial
tension) SST has been shown to disagree with the experimentally established results, which had been
correctly predicted by SCFT.

Initially, the nature of the discrepancies was not clear. Efforts of subsequent investigations sought to
improve the SST by including further physical regimes in the approximation, giving rise to a whole
family of strong-stretching theories and corrections, and on the other hand improve the numerical
resolution of SCFT to allow for computations for higher degrees of stretching. While this has led to a
much better agreement between the SST and the numerical SCFT results, a direct comparison with
an asymptotic approximation derived directly from the SCFT model equations is still outstanding due
to the lack of such a theory [12,[16].

The basic approximation of the SST for the effective potential field p is the parabolic potential, which
has been shown by Milner and coauthors [14} [15]. The average segment concentration is a constant
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A. Mlnch, B. Wagner 2

and in our (scaled) notation that constant is ¢(x) = 1. Assuming the validity of the parabolic potential
at least to leading order in ¢ = Rg/L, a systematic asymptotic treatment given in [17] shows that
for the parabolic potential to leading order in €, the average segment concentration ¢ for SCFT is
not a constant. In the asymptotic analysis presented here we show that for SCFT, incompressibility
¢(x) = 1 can be enforced, too, as required, but with a chemcial potential y that is different from a
parabolic potential. While it may be reasonable to expect that the parabolic approximation for « needs
to be corrected, the fact that it does not give the correct (constant) density even to leading order is
somewhat surprising. A correction was given by [16, 20].

The main result of this study is to derive for the first time an expression for the effective chemical p for
SCFT by a systematic analytical approach based on matched asymptotic expansions, for the problem
of a dry polymer brush as a fundamental example.

In the following sections we first summarize the formulation of the problem, followed by the expansion
in the outer coordinates of the asymptotic problem, the formulation and matching of the boundary
layer problems and finally by imposing incrompressibility obtain the chemical potential for SCFT for a
strongly stretched polymer brush.

2 Formulation

Here we summarize the the formulation of SCFT [17] for an incompressible polymer brush, consisting
of polymer chains densely grafted polymer chains on a planar substrate at + = 0. As an effect of
the dense grafting, the polymer chain is extended to a length x+ = L and consists of /N segments
which each have statistical length a. The model describes the average segment density ¢(z) of the
polymer segments in terms of an unknown effective chemical potential 1(x) that describes the in-
teraction between the chain segments that has to be determined by the global constraint that for an
incompressible polymer brush, the density must be a constant.

The density ¢(z) is constructed for 1 via two partition functions ¢(x, s) and ¢*(x, s) that are used for
obtaining the statistics of the chain part with the free end of the brush and the other at the substrate.
Specifically, the partition function ¢(x, s) describes the density of end of a length s N, where 0 < s <
1, if s = 0 end is free. Similarly, the complementary partition function ¢*(z, s) describes the density
of end of a length sV, where the s = 0 end is attached to the substrate

They are given by the modified diffusion equations for the partition function g¢:

@_ 282(] H

85 = £ @ — €—2q, (213.)
q(z,0) =1, (2.1b)
%@’ 0) = 0, (2.1c)
%(1,0) =0, (2.1d)
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Self-consistent field theory: The effective chemical potential 3

and for the complementary partition function ¢*,

o L0 o,

D9 =€ 2 5—2q , (2.1¢)
¢*(2,0) = 2v6d(x), (2.1f)
a *
S=0.0)=0, 2.1
gi (1,0) = 0. (2.1h)

The distribution of the segment s for the full chain is obtained by forming the product ¢(x, s)q¢*(x, 1 —
s), noticing that the argument in ¢ has been replaced by 1 — s as it is assume that the s = 1 end is
the grafted end of the polymer, while s = 0 is free. The distribution needs to be normalised, which is
done with the help of the full partition function

1
Q= / q(z,8)q" (z,1 — s)dx. (2.10)
0

Since () is constant in s we can obtain the average segment density as

I . _
¢ - _/ Q(ma S)q (1:’ 1- S)d87 (2.1))
Q Jo
together with the scaled incompressibility condition
¢ =1, (2.1k)

where we have nondimensionalaized the above problem via x = Lz, 1 = ,&/52, €= Rg/L, where
for ideal Gaussian chains, R, = a(N/6)'/2.

We note that the position of a free end is arbitrary, hence ¢(, 0) is constant. The situation at © = 0
and x = L is more delicate, as incompressibility breaks down close to the boundaries, i.e., ¢(x)
deviates from one close to = 0, L since this would require ¢ to be 1 up to the boundary, but out-
side of the [0, L], it is zero, contradicting incompressibility since a smooth density profile is required.
Therefore, the effective chemical potential 1 is not defined within the SCFT theory but has to be de-
termined taking into account the details of the molecular interactions. Taken together, constitute
and inverse problem for L.

3 Outer correction for the parabolic potential

In this section, instead of setting . to be the parabolic potential, we allow for next order corrections by
expanding

p(r) = po(x) +pr(z) + .. ., (3.1a)

with
( )——W—2 2 3.1b
HolT) = 16I7 (3.1b)

and seek to determine . For this purpose, we first derive expressions for the corrections to g,
00, qo for general 111, for the starred variables, and then the corrections they induce for ¢. Enforcing
¢(z) = 1forfixed 0 < x < 1 which then yields an integral equation for 14, that we can solve explicitly.

DOI 10.20347/WIAS.PREPRINT.2649 Berlin 2019



A. Miinch, B. Wagner 4

3.1 Solutions for u, g, g

We expand u as before,
u=ug+*u +. ... (3.2)

The leading order solution 1 is unchanged from section (I-3.1) in [17]. The problem for u; consists of
two parts which split the domain at = = cos(ms/2),

Osuy — T tan(ms /2 Oxuy = T tan(rs/2 uy — (), for x < cos(mws/2), (3.3a)
2 2 !
T TTUY
Osuy — =V 1 —220,uy = ————
A Ve
- ﬁ — pi(x), for x > cos(mws/2), (3.3b)
— 14)2

with initial condition

ui(x,0) = 0. (3.3¢c)

In the following, we will focus on the case (3.3a), as we expect it will give the dominant contributions
to ¢. We introduce characteristic variables giving

Osuy = gtan(ﬁs/2)u1 — 1y (€ cos(ms/2)). (3.4)

Together with the initial condition this gives the solution

cos(7t/2)

cos(ms/2) dt, (3:5)

w = — / (€ cos(t2)

hence, in (z, s) variables,

Y xcos(wt/?) cos(mt/2) (7 < cos(ms
tr,s) = /0 'ul( COS(?TS/Q)) cos(ms/2) dt, forw < cos(ms/2) (3.6

Now, o can be obtained from (I-2.13) in [17], yielding

o(r,s) = /Ox uo(r, 8) + e2uy (1, s)dr — In g(s) (3.7)
- g:f tan(rs/2) — 2 UO " (x%) dt + In g(s)] , (3.8)

where the last term emerges from a double integral that is reduced to the above result by swapping
the order of integration. The function g combines the contributions from any boundary layer at x = 0
that may have been neglected upon approximating u by the outer approximation and the contributions
from the last two terms in (I-2.13). Thus

s cos(mt/2)
exp |:_ fO H1 (xCOS(TK‘S/2)> dt:| 7T'$2
q(z,s) = e

75 ggtan(ﬂs/Q)) for z < cos(mws/2). (3.9)
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Self-consistent field theory: The effective chemical potential 5

3.2 Solutions for u*, o*, ¢*

We first look at the initial layer occurring for s = (9(62) if the exact ¢ function for ¢* is replaced by a
Gaussian approximation ([-3.75) so that the initial condition for u* is as in ([-3.76). Using the scaling

s =¢e28, ut = e W (3.10)
This gives to leading order
OsWy = 2W50,W§ (3.11)
with initial condition
Wi = —2x/w’. (3.12)
The solution is
Wi = —2x/(4S + w?). (3.13)
For S — 00, this behaves like ,
T wex
Wi~ —— 4 =2 3.14
0~ 755" g (3:14)
The next order correction satisfies
Osuy + gx cot(ms/2)0,u; = —g cot(ms/2)u; — (). (3.15)

with initial condition obtained from (3.14) as

w2

uy ~ ga: as s — 0. (3.16)

We introduce characteristic variables x = ¢ sin(ms/2), giving
T
Osu; = D) cot(rs/2)ui — py(€sin(ms/2)). (3.17)

The solution is s in(t/2) (&)
i = [ i sin 2y STy S

Converting back to the (i, s) coordinates and using the initial condition fixes ¢ and gives

s : : 2 2
i s) = _/ W (msm (ﬂ't/2>) S.1n(7rt/2)dt+ AW 3.19)
0

(3.18)

sin(ms/2) ) sin(ms/2) 32sin?(ws/2)
Now we obtain via and the initial condition
of=— %zQ cot(ms/2)
o[ [° sin(rt/2) mlw?x? . A
P Ve ] O(%), 3.20
e [/0 = (xsin(ws/Q) * 64 sin?(ms/2) ng'(s)] +OE) (8:20)

where g*(s) incorporates any boundary layer contributions to w at z = 0 that may have been dropped
upon introducing the outer expansion for « in ([-2.16), and any contributions from the last three terms
in the same equation. Hence

o (z,1—s)=— ng tan(ms/2)

+0(e"), (3.21)
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A. Miinch, B. Wagner 6

From this (dropping the error term)

cos(7t/2) w22
exp [ f H1 ( cos((7r3§2 ) dt + 64cosQ(7rs/2):|
o

ol = (1)

—%x tan(ﬂs/Z)). (3.22)

3.3 Density ¢ and solution for 1/,

From (3.9) and (3.22), we get

x cos(mt/2) m2w?ax?
eXp [ fO H1 ( cos(ms/2) > dt + 64 cos?(rs/2)
9(s)g*(1 —s)
provided = < cos(ms/2). We assume that the contributions from = > cos(ms/2) are of lower order

(the calculation of which requires knowledge of o1 also for > cos(ms/2), which we have not carried
out yet).

q(z,s)g* (x,1 —s) = (3.23)

Hence, integration with respectto z = 0. . . 1 reduces to the interval 0 < x < cos(ms/2) so that we
get for (), after a variable transform x = z cos(ms/2),

__coslms/2) [Ty,
9= g9(s)g*(1 — 3)/0 h(z)dz, (3.24)
with
h(z) = exp [—/0 1 (z cos(mt/2))dt + T :;J4Z }

[ 2 [ ) 7r2w222]
— exp . (3.25)

m 64

Since, to each order, () has to be independent of s, we need to to assume that the prefactor must
cancel, so that

cos(ms/2) . (3.26)
g9(s)g*(1 —s) ’
and therefore )
Q= CQ/ h(z)dz. (3.27)
0
Furthermore,
(2/m) arccos )
() = cQ h(z/ cos(ms/ ))ds
Q cos(ms/2)

(w/ 7“)

[ m e
h(y)

— d
77/95 \/y2 — 22 fol h(z)dz y

(3.28)
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Figure 1: Comparison of the analytical approximation for u*(x, 1), that is = uj(x, 1), with the numer-
ical results, via the red and black line, respectively. The right panel is a zoom of the left.

Now we enforce the condition ¢(x) = 1. This turns the last expression into an integral equation for
h, which has the solution (to be derived via Laplace transform — is solution unique up to the constant
factor?)

ey
Vieo
where eX is an arbitrary, positive constant. It has to be positive, as we need to solve for p1 with
the resulting h. Taking the log on both sides gives

h(y) = (3.29)

) z 22,2 1
—— Ml—m)dn I h(z) =In(z) — = In(1 — 2*) + K. (3.30)
™ Jo 22 772 64 2
Solving this for 1 gives
x x m2w?z?
=% arctan| ——u ) —Inc—In2—Inz —
() — arc an( 1—x2) nc—In nzx 23
x m2w?z?
= ——— arcsin(z) — In(2cx) — 3.31
— arcsin(z) — In(2cz) 3 (3.31)

From /41, we can compute u] via (3.19), and for s = 1, this is in fact the approximation for u*(z, 1). We
compare this analytical approximation with the numerical solution in fig.[1} The agreement is excellent
away from x = 0 and x = 1, where we expect boundary layers.
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A. Miinch, B. Wagner 8

4 Boundary layer for the potential at v = 1

We adopt the scalings that we found in (I-3.13) and the following equations for the boundary layer at
x = 1 for the solution to u with the parabolic potential, that is, we introduce

T = 1—54/32, u = e*Pw. (4.1)

The x-scaling is consistent with an end layer width for the chains suggested by Likhtman and Semenov
[8]. We need to determine the appropriate rescaling for u. If we expand g + 52,ul atz = 0 and
introduce the rescaling into (4.1) for «, we obtain

2 7T2

m m
+ 2y~ =P - 4.2
R TR /22 (42
thus suggesting that we let
2
m
p(x) = T + 84/3m(z), (4.3)

where the leading order of m(z) has to satisfy

mo(z) ~ T, T

8 2V 2z

for z — o0. (4.4)

4.1 Determining the boundary layer solution for

Using these rescalings for u gives to leading order

d
ngo = agwg — 2w082w0 -+ % (4.58.)

We have kept the time derivative to leading order by rescaling s = £2/33. Initial and boundary condi-
tions are
wo(z,0) =0, (4.5b)
wo(O, §) = 0. (4.5¢)

Using the scalings for © and x as stated in (4.1) and for s as given in the text in the outer solution

(1-3.6) for u yields
m

ug = Z(l — ¥ 32) tan(ne?/?5/2) = %(Wé?Q/gé/Q) +O(e%)

Hence, the far-field condition for the leading order solution comes from matching to the outer, giving

N
wo(z, §) ~ §S for 2 — oc. (4.5d)

4.2 Determining boundary layer solution for u*

Using the rescalings for u* gives to leading order

dmo

* _ 02 % * *

(4.6a)
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Self-consistent field theory: The effective chemical potential 9

where dmg/dz = 7% /8. We have kept the time derivative to leading order by rescaling s = £%/3s*+1.
The boundary condition is

w(0,8*) = 0. (4.6b)

Using the scaling for z, i.e. z = 1 — £*/32 yields
2

8

Hence, the far-field condition for the leading order solution comes from matching to the outer, giving

Dgewyy = 3307wy — 2e*3wiow +

2
m
wy(z,8%) ~ ?S* for z — oc. (4.6¢)

We also need to match the s — —oo limit with the solution in region 1B. Following the the derivation
given in part | in section of [17], we obtain

2 2
wey ~ g tanh (gsz) as s — —00. (4.7

4.3 Density ¢ and boundary layer solution for m,.

For completeness, we first state some identities that hold for both o and o™, starting with
xX S
o(x,s) = / Oyo(r, s)dr + / Oso(a,t)dt + o(a,b) (4.8)
a b

forany 0 < a < 1,0 < b <1 (for o*:if 0*(a, b) is finite). Since

0,0 = u, (4.9)
0,0 = 20,u + u? — p, (4.10)
we get
o(z,s) = / u(r, s)dr + / e20,u(a,t) + u(a,t)dt — p(a)(s — b) + o(a, b), (4.11)
a b

o*(x,s) = / u*(r, s)dr +/ e20,u*(a,t) + (u*(a,t))*dt — pu(a)(s — b) + o*(a,b). (4.12)
a b
For the following derivation, we note some special cases:

o(x,s) :/1 u(r, s)dr—i—/o e20,u(1,t)dt — p(1)s, (4.13)

where we have set a = 1, b = 0 and used that o(1,0) = 0 (initial condition) and u(1,¢) = 0
(boundary condition).

o*(z,s) = / uw*(r, s)dr + /S e20,u* (1, t)dt — p(1)(s — 1) + o*(1,1), (4.14)
1

1

where we have set @ = 1, b = 1 and used that u*(1,¢) = 0 (boundary condition).

DOI 10.20347/WIAS.PREPRINT.2649 Berlin 2019
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Now we have from that
1
Q= / q*(z,1)dz (4.15)
0

Q= /01 exp (52 [/11‘ u*(r,1)dr + o*(1, 1)1) dz. (4.16)

For ¢, we have from (2.1])

hence

1t
o= é/ exp (5_2 [o(x,8) + 0" (x,1— s)]) ds, (4.17)
0
hence
1 1 T s
o= —/ exp (6_2 [/ u(r, s)dr +/ e20,u(1,t)dt
Q@ Jo 1 0
T 1-s
+/ w(r,1 —s)dr + / e20,u*(1,t)dt + o*(1, 1)}) ds, (4.18)
1 1
which, after using the most recent expression for (), can be simplified to
I
¢ = =, (419a)
Q
with
B 1 T
I= / exp (5_2 {/ u(r,s) +u*(r,1 — s)dr]
0 1
—1—/ Oyu(l,t) — Opu™(1,1 — t)dt) ds, (4.19b)
0

o= Lo ( [ e
Q—/O exp (5 /1u(r,1) r x. (4.19¢)

The problem is closed by enforcing the incompressibility condition, i.e.

6=1. (4.20)

We now need to insert the expansions to evaluate Q and ¢. We are at this point mainly interested
in the behaviour in the boundary layer at x = 1, and so we will evaluate [ in this region. For Q we
need, however, the fully matched solution for u* across the entire interval 0 < = < 1, which we do
not have yet. Numerical evaluation for ¢ = 0.025 gives a value of () = 0.083, which is very close to
£2/3 = (0.085, so we will operate on the assumption that

Q ~ 3. (4.21)

For f, we introduce the boundary layer variables, so that we have

u(z,s) +ut(z,1—s) =e*? (w (z, 3/52/3) + w* (z7 —3/52/3)) , (4.22)

= (w(z,8)+w" (2,-3)), (4.23)

[ atrs - 9ae =2 [ wio.9)+ (.- dp (4.24)
1 0

DOI 10.20347/WIAS.PREPRINT.2649 Berlin 2019
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11

so that to leading order we have

52/ u(x,s) +u*(x,1—s)dr = / (wo(p, 8) + wg(p, —5)) dp.
1 0
Next, we have

/@cu(l,t)dt:/ 0, w(0, 7)dr,
0

0
/ Oyu* (1,1 —t)dt = / 0, w* (0, —7)dr,
0 0

so that, to leading order

/ Opu(1,t) — Opu*(1,1 — t)dt —/ d.wo(0,7) — O,wg (0, —7)dT.
0

0

Therefore, to leading order

i—en |
0

+ / 0,wo (0, 7) — w5 (0, —T)dT) ds
0

o—2/3

oxp ([ wnlp.) + o5 a0

Noting gives, after taking the limit € — 0 in the limit of the outermost integration
oo z
o) = [ e ([ wnlo.9) + it -9)ds
0 0
+ / 0,wp(0,7) — 0wy (0, —T)dT) ds
0

With (5.29), that is,
d(z) =1 for 0 <z < o0,

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

and the initial boundary value problems for w, and w( we have a closed problem to solve for de-
termining dmy/dz and hence, up to an integration constant, the boundary layer solution m for the

potential.

5 Boundary layer at v = 0

Near z = 0, 119 and 2111 behave like

2

Hence, for sufficiently small , €241, actually dominates ;. Ignoring the logarithmic contribution, the

two terms balance for x = O(e), hence we scale

T = ey, pw=¢e*M.

DOI 10.20347/WIAS.PREPRINT.2649
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However, we need a second scaling, for even thinner layers in . One way to motivate is to consider
using a Gaussian of width we? instead of an exact d-function for the initial data for ¢*, that is

2
q*(z,0) = 2v/6 exp (— a: ), (5.2)

VTwe w2et

hence

2
w2e?’

u*(z,0) = — (5.3)

Numerical evidence suggests that for w fixed and € — 0, the potential 1t develops a narrow peak at
x = 0 of width O(e?) but the height tends to a constant. Hence we use the scaling

r = ¢e%Y, n=pu=c’M. (5.4)

5.1 Solutions for u
5.1.1 Region s = O(1)
Innermost boundary layer. Using the scalings and also
u(z,s) =V(Y,s) (5.5)

in (I-2.11a) (for smaller u, all u terms would be subdominant) gives

20,V = 832/‘/ +2VoyV + ny, (5.6)
with the leading order being
Vo + 2Vody Vo + noy = 0, (5.7)
The boundary condition at y = 0 is
Vo0(0,s) = 0. (5.8)
Integrating once with respect to y gives
OV + Vi + ng = ay(s), (5.9)

with a constant of integration a1 (s).

For matching, we need the expansion of Vj at y — oo, which is

Vo ~ (a1(s) — ?’Lgyoo)l/2 asY — oo, (5.10)
where we have assumed that 19 — 79 o in this limit.
Next boundary layer. We now use the scalings (5.1). To balance i, with the second of the spatial
derivatives, we need to assume u = O(¢). Hence we also rescale

u = el. (5.11)

DOI 10.20347/WIAS.PREPRINT.2649 Berlin 2019
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Introducing these new scalings gives

dM,
OU = 02U —2U0,U + ——, (5.12a)
dy

U(y,0) =0. (5.12b)

Hence, the leading order problem for U is trivially found to be

d M
AU = 02Uy — 2050, Uy + 1 0 (5.13a)
Y
Uo(y,0) =0, (5.13b)
By matching to the expansion of uy + £%u; at © = 0, we obtain the far-field condition
s S
Uy ~ Zytan(ﬂs/2) —— asy — . (5.13c)
Y

On the other hand, matching U at y = 0 with the far-field expansion (5.21) of the innermost solution
gives

Uo(0, 5) = (a1(s) — ngoo) . (5.13d)

5.1.2 Regions=1— 0O(¢)

The boundary layer structure that we identified for s = O(1) breaks down when the outer solution
in the region x < cos(ms/2) shrinks so that the boundary layer and the corner layer merge, both of
which have O(¢) width. Hence the breakdown happens when s = 1 — O(¢).

5.2 Solutions for u*

5.2.1 Region s = O(¢?)

Here, we use the scalings (5.4). Then the initial condition (5.3) becomes an O(1) expression for u*,
while to keep the s-derivative, we need to scale it by £2, hence

s =¢e29, W* = u*. (5.14)
Introducing the new variables gives
* 2 * * * dno
. 2Y
W (Y, 0) = ——, (5.15b)
wWi(0,5) =0, (5.15¢)
Y
Y~ —— Y . A
Wi 53 asY — oo (5.15d)
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5.2.2 Region s = O(1)

Innermost boundary layer. Using the scalings as for u, that is (5.4) and also

V*(Y,s) =u*(z,s) (5.16)
in gives
20,V* = 2V* + 2V 0y V* + ny, (5.17)
with the leading order being
Oy Vg + 2V 0y Vy + noy = 0, (5.18)
The boundary condition at y = 0 is
Vo (0,s) = 0. (5.19)

Integrating once with respect to y gives
N Vo + (V) 4 no = ai(s), (5.20)

with a constant of integration a3(s).

For matching, we need the expansion of V" at y — oo, which is
v *(s) — 1/2 Y 21
o ~ (a5(s) = noo) as Yy — 0o, (5.21)

where we have assumed that 19 — 70 o in this limit.

Next boundary layer. We now use the scalings (5.1) and proceed as for u. Hence we rescale
u* =ecU". (5.22)

Introducing these new scalings and taking the leading order gives

d M,
AU = 02U; — 2U30,Us + d—yo, (5.23a)
Uz (0,5) = 0, (5.23b)
Uy ~ —%y cot(ms/2) — 5 asy — 0. (5.23c)

On the other hand, matching U at y = 0 with the far-field expansion (5.27) of the innermost solution
gives

Uz (0,8) = (a3(s) — no.00) "> (5.23d)

5.3 Density ¢ and boundary layer solution for n

We first express o and o™ in terms of v and u* (and also p) via the expressions (4.11) and (4.12)
derived in an earlier section, this time integrating from the left interval end. We obtain

o(x,s) —/0 u(r, s)dr—i—/o e20,u(0,t)dt — p(0)s, (5.24)
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where we have set a = 0, b = 0 and used that 0(0,0) = 0 (initial condition) and «(0,¢) = 0
(boundary condition). Moreover, we have

o*(x,s) = / u*(r,s)dr + / e20,u*(0,t)dt — p(0)(s — 1) +*(0, 1), (5.25)
0 1
where we have set @ = 0, b = 1 and used that v*(0,¢) = 0 (boundary condition).
Therefore
o(z,s)+o"(x,1 —s)= / u(r,s) +u*(r,1 — s)dr (5.26)
0
+ / e (0,u(0,t) — ,u(0,1 — 1)) dt + o*(0,1). (5.27)
0
Proceeding further, we get
I
o= —=, (5.28a)
Q@
with
N 1 T
I= / exp (5‘2 {/ u(r,s) +u*(r,1 — s)dr]
0 0
+/ 0,u(0,t) — O,u*(0,1 — t)dt) ds, (5.28b)
0

Q= /01 exp (5_2 {/Ox u*(r, 1)dr]) d. (5.28¢)

For the last expression, we have used the initial condition for u to set u(0,0) = 0. The problem is
closed by enforcing the incompressibility condition, i.e.

6=1. (5.29)

We continue with 1. Rescaling into innermost variables, that is, using the first equation in (5.4), while
keeping s = O(1), we obtain

fz/oleXp<[/OYV(p,S)+V*(p71—S)dp}

—|—5_2/ oV (0,t) — Oy V*(0,1 — t)dt) ds, (5.30)
0

To leading order, the integrand in the last expression has to vanish for a all s to give a finite limit, since,
due to the dependence on s, the 0(5*1) contribution cannot be cancelled by (). Hence we need to
have

Oy Vo(0,s) = 0y V5 (0,1 —s5) = b(s). (5.31)
Using this in the problems for V() and V{;", we obtain
OV + Vi +ng = b(s), (5.32a)
Vo(0,5) =0 (5.32b)
Vo ~ (b(s) — nooo)’?  asY — oo, (5.32¢)
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and
Vg + (Vg)? +ng=b(1—s), (5.33a)
Vo' (0,8) =0 (5.33b)
Vi~ (b(1—5) —noeo)? asY — oo, (5.33¢c)

But this implies that Vi*(Y, 1 — s) = V;(Y, s), hence we only need to solve (5.32), and then obtain to
leading order for 1

2

- /0 Cexp ( /0 N 3)dp> k(1= 5)/%) ds. (5.34)

The factor last factor in the integrand deserves some explanation. The argument that leads to (5.31)
breaks down in the O(g?) thin s-layer near s = 1, thus we have to evaluate

1+e28
Ink(S) = £~ / OV (0,1) — Dy V(0,1 — £)dt (5.35)
0

there explicitly. In terms of the Variables I/* (and correspondingly introduce 1V we obtain

S
]{Z(S) = exXp |:/ 8YW0(O,T) - ayWJ(O, —T)dT . (5.36)

6 Conclusions

The asymptotic analysis given in this article reveals and justifies the different physical regimes of the
solution, of the effective chemical potential of a grafted stretched polymer brush, via a systematic
mathematical approach that does not rely on physical intuition. As we have shown, this mathematical
approach has the ability to uncover subtle features of the solution that are easily missed otherwise
and guarantees that all contributions to a correction at a certain level are included. Our analysis also
provides a toolbox establishing a mathematical method to treat other and more complex problems,
for which no SST theory has been developed. Moreover, our results yield an important limit, against
which other models, such as phase-field type models, can be calibrated. These methods, while they
offer other analytical approaches, have gained attention again recently as an approach for larger scale
simulations required in real-world applications [1} 6, 9], where they offer a significant speed advantage
compared to numerical solutions of SCFT and its dynamic variants.
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