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ABSTRACT: Surface interaction controlled microphase separation leading to the formation of a chemically
heterogeneous surface nanopatterns in dry ultrathin films of A—B diblock copolymers is studied
theoretically in the strong segregation limit. On a planar surface one of the blocks (A block) is strongly
adsorbed, forming a tightly bound monomolecular layer (two-dimensional melt). Interaction of the second
block (B block) with the surface can be varied from the strong attraction (two-dimensional conformation)
to the strong repulsion (three-dimensional conformation) including regime of the weak interaction. Because
of the strong incompatibility of A and B monomer units, chemically heterogeneous surface pattern can
emerge. Depending on the block length ratio and on interaction parameters, various microstructures can
be formed. They comprise surface micelles with prominent or flat disklike core, parallel stripes, and holelike
micelles of monomer thick core and prominent corona (inverse disklike structure). The main geometrical
parameters of the structures such as the size of the core and the period are determined as functions of
the lengths of the blocks and of the interaction parameters.

1. Introduction

Generation of a chemically heterogeneous surface
pattern by the controlled adsorption and self-assembly
of block copolymers in microdomains represents a
topical challenge for functional substrates and templates
in nanotechnology, molecular biology, biomineralization,
colloid science, and supramolecular chemistry.!=13 One
of the ways to design heterogeneous surfaces is based
on preparation of relatively thin films comprising few
periods of the bulk microstructure. It is well-known that
the shape of the microdomains is primarily controlled
by the relative length of the constituent blocks.416
Proximity of the macroscopic phase boundaries intro-
duces orientation of the microdomains and brings influ-
ence to the film structure as well. The key parameters,
which govern the orientation, are the interfacial ener-
gies of the boundaries'”18 and the film thickness.1® If
one of the blocks has a lower surface tension than the
other one, it covers the film surface, and in the case of
lamellar structure the film surface is unstructured.?’
In particular, parallel orientation of the lamellae to the
substrate was observed in thin films of a symmetrical
polystyrene-block-poly(methyl methacrylate) on a SiOg
substrate.” Recent experiments with symmetrical poly-
styrene-block-polybutadiene on SiO2! showed that per-
pendicular orientation of the lamellae can be stable if
the polymer has a high molar mass. In this system, none
of the blocks have a strong affinity toward the substrate
or the air. Many other factors such as electric field,!8
competition of nonlamellar bulk morphology with the
affinity of the blocks to the surface,?! and chemically
patterned substrates?? can also have a strong influence
on the orientation of the diblock copolymer domains.

A different strategy for reliable preparation of a
chemically heterogeneous surface pattern is based on
ultrathin films whose thickness is much less than the
equilibrium period of the bulk morphology. One of the
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ways to obtain such films is the adsorption of a
polystyrene-block-poly(2,4-vinylpyridine) diblock copoly-
mer (PS-6-P2,4VP) on mica from a dilute solution.23-27
In this case, the strongly adsorbed P2,4VP blocks wet
the mica surface as an ultrathin, approximately mono-
mer thick polymer layer whereby the blocks become
largely extended. The PS blocks dewet both the P2,4VP
layer and mica. They aggregate to surface clusters atop
the P2,4VP layer in order to minimize the number of
unfavorable contacts with the polar blocks and the air.
Detailed experiments and scaling analysis of the surface-
induced nanopatterns (SINPAT) showed that the het-
erogeneous surface structure is stable in a very wide
range of block lengths.26729 When aggregated blocks (PS)
are not so long, spherical clusters ordered with the
symmetry of hexagonal lattice are more favorable. For
longer PS blocks a stripelike structure is formed.26:29

The described above ultrathin films can be attributed
to the systems with the so-called sticky (P2,4VP)—
nonsticky (PS) toward the substrate copolymers. On the
other hand, there are copolymers where the stickiness
of one of the blocks can be variable. For instance, poly-
(ethylene oxide)-block-poly(2-vinylpyridine) (PEO—P2VP)
on mica is an example of the sticky—sticky copolymer.
The ability of water-soluble PEO blocks to desorb in a
water environment relegates them to the sticky—non-
sticky copolymers as well. Another example of copolymer
with variable stickiness is a molecule having associating
groups in the nonsticky block. For such groups, attrac-
tion to the surface can be “switched on” or “switched
off” by external fields. For instance, photosensitive
groups are spiropyrane substituents which can be
switched from a nonionic to zwitterionic state, i.e.,
switching the dipole moment by light.

Variation of the stickiness can result in the structural
reorganization of the SINPAT. The present paper is
directed to the theoretical study of microstructures in
ultrathin films of diblock copolymers obtained under
variation of the stickiness of one of the blocks. We will
develop a strong segregation theory for the analysis of
possible morphologies of the film.
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2. Model

Let us consider a dry, ultrathin film of A—B diblock
copolymers which is formed by adsorption of the blocks
on a flat surface from a dilute solution.23726 A typical
procedure of preparation of ultrathin films comprises
dipping of the substrate in the solution and pulling it
out. Therefore, we assume that the number of macro-
molecules on the surface is fixed and that the area of
the surface is larger than the total area of the adsorbed
segments. This assumption allows us to analyze all
possible morphologies obtained via variation of the
spreading parameter, i.e., of the film area. We suppose
that the blocks are flexible and have statistical segments
of equal length a; Ny and Np are the numbers of the
segments of A and B blocks, respectively. Strongly
flatten on the surface A blocks (sticky blocks) form a
monomer thick layer. Thus, we consider them as two-
dimensional and assume that the density of A monomer
units on the surface corresponds to the case of a two-
dimensional melt, ensuring a minimum of unfavorable
contacts of A monomer units with the air. We assume
that B blocks are strongly incompatible with the A
blocks and possess variable stickiness: a conformation
of each individual B block can be varied between that
of completely adsorbed (two-dimensional) chain and of
partially desorbed, “shrunken” chain. Such conforma-
tional variations are controlled by the interactions of B
blocks with the surface. A competition of the interfacial
interactions with the entropic elasticity of the blocks can
lead to the lateral phase separation resulted in the
formation of various microstructures. The type of the
surface structure depends on the relative length of the
blocks and on the interaction parameters. For the
described system, we will examine the conditions for the
stability of (i) hexagonally packed micelles with a
disklike core formed by partially desorbed B blocks
(“islands” in a “see” of A blocks), (i1) parallel stripes, and
(iii) hexagonally packed, disklike “holes” formed by
strongly adsorbed A blocks in the matrix of partially
desorbed B blocks (inverse disklike structure) (Figure
la—c). Also, microphase separation of completely ad-
sorbed (2D) chains will be considered. The analysis will
be done within the strong segregation approximation.1®

2.1. Disks. The disklike micelle is modeled as that
having dense, disklike core of the thickness 2 and of
the radius R formed by B blocks. We will study mainly
the regime of weak desorption of the B blocks when the
end-to-end distance of them is considerably larger than
the thickness of the core, ¢ < A < R. In this regime a
smoothed profile of the core can be approximated by a
steplike one (Figure 1d). Strongly adsorbed A blocks
occupy a ring of the thickness a and of the outer radius
Ry (the radius of the Wigner—=Seitz cell). The free energy
of the micelle can be written as a sum of four terms:

Fyo = F;

int

+F2+FZ+Fconf (1)

The first term, Fint, is an interfacial energy. Its effect is
to minimize the number of unfavorable contacts of
monomer units of different blocks with each other and
with the surrounding media:

Fie = (yas + )’Aa)ff(Ro2 - R) + (yps T VBa)ﬂR2 +
V. 2R(h — @) + y,527Ra + yy(0, — 7R, (2)
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Figure 1. Schematic representation of microstructures formed
by A—B diblock copolymers with strongly adsorbed A blocks
(white) and partially desorbed B blocks (gray): (a) disklike
micelles ordered with the symmetry of hexagonal lattice; (b)
parallel stripes; (c) holes ordered with the symmetry of
hexagonal lattice (inverse disklike micelles). (d) A smoothed
profile of the core comprising B blocks is modeled to be steplike
in shape.

Here the first term is the energy of interactions of
the A blocks with the substrate and with the air;
yas and ya, are the corresponding surface tension
coefficients. The next two terms describe interac-
tions of B blocks with the air and with the substrate.
The fourth term is the energy of the A—B interface.
The last term in eq 2 corresponds to the energy of
the substrate—air surface; 0y is the area of the sub-
strate divided by the number of the micelles. This
contribution is required in order to describe the spread-
ing of B blocks on the surface. (This term is not a
constant as it would be in the case of the fixed value of
the area of the film.) Each micelle comprises @ chains.
The condition for the dense packing of monomer units
in the core and in the shell of the micelle can be written
as follows:

aR*h = QNza®, n(R,> — Ra = QN,a® (3)

where the volume per monomer unit is assumed to be
equal to the cube of the segment length. Using above
expressions, the interfacial energy per chain takes the
following form:

- F,, _ 2Nga, ~ o
Fint - QkBT - T(YBa + (yAB - yBa)ﬁ) -
Nga V0%
2NBa _ _ _ a NBa
= R ()’Ba + (Fap — VBQ)Z) T Sy + const  (4)



Macromolecules, Vol. 38, No. 7, 2005

Here 9;, 1 = Ba, ..., are dimensionless surface tension
coefficients, y; = y,a%/kpT; Sa and Sp are dimensionless
spreading parameters, Sa = (yo — yas — vao)a?ksT, Sp
= (yo — yBs — vBo)a*ksT. They control the stickiness of
the blocks. The blocks tend to be spread on the substrate
to minimize substrate/air contacts when the spreading
parameters are positive. Otherwise, the contacts of the
blocks with the substrate are unfavorable. In our model
S4 is positive and has to have a high enough value to
provide a monomer thick layer. We will consider varia-
tion of the stickiness of B blocks assuming that the value
of S4 is fixed. In the system with a fixed number of
chains, the parameter 0o/@ (the area of the substrate
divided by the number of chains) is constant. That is
why we denote the last two term in eq 4 as a constant
which is the same for all kinds of microstructures which
will be examined. The terms F*; and F% in eq 1 are the
free energies of radial stretching of A and B blocks. By
analogy with the Semenov approximation for the mi-
celles in the bulk,'®> we suppose that the free ends of A
blocks are located at the boundary of the Wigner—Seitz
cell. The elastic free energy per chain can be written as

= E(r)

Qk - = [dr (5)

where the local stretching of the block E(r) = dr/dn
(derivative of the radial coordinate, r, R < r < Ry, with
respect to the number of monomer units, n) depends on
the coordinate. This dependence can be found from the
condition of dense packing of A monomer units: a thin
ring of the width dr contains @ dn monomer units so
that 2zr dr = @ dn a?. Therefore

2 Q _Q (Bo) _ R Nah
Fo= 277,’ 2nln(R)_4NBa31 (1+NB )
(6)

where the space-filling conditions, eq 3, are used. To
calculate the elastic free energy of B blocks, the radial
distribution of the free ends has to be taken into
account. This term can be approximated by that ob-
tained for the case of cylindrical micelles in the bulk:1®

2
-z R
« 24NBa2

(7

The last term in eq 1 is a loss of conformational entropy
of the chains due to adsorption (confinement free
energy). It comprises two parts: the free energies of A
and B blocks. The confinement free energy of A blocks
is constant for all types of the structure and therefore
can be omitted. The free energy of B blocks can be
calculated as that of the chain placed in a slit of the
thickness A. Owing to the condition R > h, we can use
the so-called ground-state approximation®® where the
energy per monomer unit is the minimum eigenvalue 1
of the differential equation:

Py(x)

a_
6 g’

+ Ay(x) =

()
0, Tlx:ih/Z = 0, <x = 5 (8)

|
D[S
>

The boundary conditions at the surfaces of the slit
ensure the constant density of monomer units through-
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out the slit. The solution of eq 8 is chosen from the
condition that it should be symmetric with respect to
the origin of coordinates (middle of the slit), i.e., y(x) =

const-cos(xv64/a). Thus, the confinement free energy
per chain takes the following form

T F. conf
=Nyl =

F 2752 N Ba
conf — QkBT

3h2

9)
Summation of all contributions to the total free energy
results in

F — Fdisk _2NBa +( ) +
disk QkBT R VBa YaB — VBa h

R* holq +_A@ + T _JES +2_”2N3a
4Nza®*\@ Npa ?

where all constant terms are omitted. Minimizing Fyis.
with respect to R, we get

— 3 h Nyp

Fdisk_é 2NB(a1 (1 +JvB—)+ 6)(’)/Ba+
_ _ap|¥® Nga 27> NBa2
(Vap — VBa)z) T Sp +T B2

3
4Ny (VBa + (Vap — VBa)h)

a
Mn (1+—A}—L)+”—
a 6

R= 1D

Npa

It is seen that the first term in Fyg;s is proportional to
N3? while the next two terms have a linear depen-
dence on Np. Therefore, if the values of Sg are not so
small, Sg > (y5,/Np)¥7, we can use a perturbation theory
for minimization with respect to A:

47° 457°
h~a 35, at Sy < 3
= 3NBSB NA 471 nz

35,\2] 8
(77Ba + (Vap — 73(1)_2) . (12)
4

Similarly to the single chain adsorption,3! the thickness
of the core of the micelle is controlled by the balance
between adsorption and confinement. When the spread-
ing parameter Sp exceeds the threshold value 47%3, B
blocks adopt a two-dimensional conformation, and the
total free energy possesses the following form

h=a, atSB_ﬁ

27”
_T) N

Fo = _NB(SB

N, - 1/3
[2NB(ln(1 + ) + —)hﬁ] (13)
Np
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Taking into account that the thickness of the adsorbed
layer of one of the blocks is not dependent on the
presence of the second block, we can conclude that the
spreading parameter of strongly adsorbed A blocks, Sa,
has to be larger than 47%/3 to keep the blocks in the
monolayer, Sa > 472/3.

It is well-known!® that aggregation of block copoly-
mers into micelles occurs if the length of the blocks
forming the core of the micelle exceeds some certain
threshold value N3, N < Na. To estimate this value,
we compare the free energy of nonaggregated chain with
the free energy of the chain in the micelle. When B
blocks do not aggregate, they form single globules whose
shape is assumed to be a disklike as well. Therefore,
the interfacial energy has the same form as that of eq
4 with a different space-filling condition, 7R%h = Nga3.
Both A and B blocks are not stretched in this case and
the contributions of the elastic free energy can be
neglected. The resulting free energy of nonaggregated
chain can be written as

Fhomo =
3N,S,” 7N, ( 353) 42
- +4n, | oo \V8e T Fag — V8 —5 ) Sg =%
8.7'[2 3SB VB VAB VB 47[2 B 3
2 2
_NB(SB - 2?7[) + 24/7NBY pp, Sp > %
(14)

Comparison of eq 14 with the corresponding expres-
sions, eqs 12 and 13, gives the following equations for

the determination of N(IN3):

N, = SSBNB{eXp[64n2 ﬂNB()_/
AT 422\ 27 385\ B
_ 38 Sp 47
(Vap — VBG)R) - g} - 1), Sp="3-
N =N(ex {@ Ny —”—2}—1) s, >4
A B p 27 ByAB 6 ) B 3
(15)

2.2. Stripes. If the length of the aggregated B blocks
is increased, the stripelike structure can be stable.26
This structure is characterized by infinite, alternating
A and B stripes having different or equal thickness
(Figure 1b). As for the case of the disks, each A stripe
is a monomer thick layer of the width 2(Ry — R); Ry —
R is the end-to-end distance of A blocks. The shape of
the cross section of B stripes is modeled as an rectangle
so that the stripe of the width 2R has a constant
thickness ~ throughout. Such assumption is adequate,
if the condition R > h is kept. The total free energy of
the stripes is calculated in a similar way as for the case
of the disks (eq 10):

_ R? Ny p?\ | Ngaf_ _ _\a
Fstr - NBa2(1 + NB ag) + R Ba + (VAB VBa)h

Npya 27° NBO‘2
R 3 2

(16)
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where the space-filling conditions 2a(Ry — R) = qNaa?
and 2hR = qNpa? are used; g = Qa/L is the aggregation
number per unit length of the stripe. The first term in
eq 16 is the elastic free energy of uniformly stretched A
and B blocks, (Rg — R)?/a2N4 + R2%/a?Ng. The next two
terms are the interfacial energies. The last term is the
confinement free energy of B blocks. Minimizing Fy
with respect to R, we get

_ 3 N hZ B B B 9 1/3
Fstr = § 2]VB(l + JVZ?)()’B(; + (VAB - VBa)%) ] -
NBa 2712 NBaz
h BT e
13
NBQ(7_’Ba + (Vap — ‘}_/Ba)%)
R=a (17)
of1 4+ Nak?
Ny o2

Perturbation theory for minimization with respect to &
gives

F. =

str

’ _ 3NBSs’ .3
87 2

Nj167*
2Ng|1 + X
B( Npgs,?

i N A b B 47 47
(VBa + (’VAB - }/Ba)ﬁ) ] + .., h~ a@? SB = T

2 2
i_NB(SB B 2% + g (2N, + Npya'"’, h=a, Sp > 4%
(18)

This approach is valid for Sp > (NA)_/]zga/N 5318, One of
the boundaries of the stability region of the stripelike
structure is found by equating the free energies Fy;» and
Faisk:

Ny167*  47? Ny 47 7 47

1+J_"BQSB2 Elnl_FJ_VBTSB +€’ SBST
N,y N, 7 A7*

1+_NB 1 (1+_NB)+E’ SB>? (19)

2.3. Holes. With the increase of the length of partially
desorbed B blocks one can expect that the holelike
(inverse disklike) structure can be stable. This structure
is characterized by a disklike, monomer thick core of A
blocks and by thickened corona of B blocks (Figure 1c).
Similarly to the free energy of the disks, eq 10, the free
energy of the holes takes the form

- R’ [a Npa\
Fi.= 4NAa2(hln(1 + N, h) + 6) +
2N, h o) Nz 9,2 Nya®

T(T’Ba + (Vap — 77Ba);_l) - TSB + 3 B2 (20)
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where the space-filling conditions for the core of the
radius R and for the corona of the radius Ry are 7R2 =
®N4a? and 7(Ry?> — R?)h = QNpa?®, respectively. Mini-
mizing Fhoe With respect to R and A, we get

47° 47°
2( 383) 13
AN \Vpy + Gup — VB)—
Py A |7B YAB — VB 4 ﬁ
Sy )
4n? Ny 472 6
_ 3NS5 38 N, 38
Fyppe=——> 23 +3 32:12{ Bln( s B)
8n 2 9SB \ NA 47°
2 35 .\211/3
|- _ _ B
E)(’VBQ + (Vap VBa)E) . (21)

Monomer thick corona, h = a, is formed at Sg > 47%3:

4 NA2 7_/AB 1/3

NB .7'[2

27”
3+

A . 13
2NA(1n(1 + ) - )yABZ] (22)
Ny

R=a

Fyge = —Np|Sp —

Conditions for the transition stripes—holes are found
by equating the free energies Fs, and Foe:

N,9S.?2 3S N, 3S 2
+ o955 _ 35, ( _B_B)Jrﬂ_, s, <%
Njyt16x* 4 Ny 472] 6 3
Np Npg ° 47>

1+ — N, ln(l + NA) + 5 Sg > 3 (23)

If the length of B blocks exceeds some certain value,
aggregation of A blocks into the micelles becomes
unfavorable and homogeneous phase is formed. In this
phase conformation of each individual chain can also
be imagined as that of two-dimensional A block (mono-
mer thick disk) surrounded by the 2D or partially
desorbed B block (ring of the thickness a or A). Both
blocks are not stretched, and the total free energy of
the homogeneous phase takes the form

Fhomo =
3NBS32 872 (_ _ B 3SB 472
T e N g5 \7sa+ Tan = 78) ) Sz =75
2
NB(SB gz ) + 2/7N 1T ap» S > 4%
(24)

Comparison of eq 24 with the corresponding expres-
sions, eqgs 21 and 22, gives the following equations for
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Figure 2. Phase diagram of the film in terms of the fraction
of B monomer units f = Np/(Na + Np) and the spreading
parameter Sg. The horizontal line Sg = 47%/3 splits the regions
of flat and prominent morphologies. The spreading parameter
S satisfies the inequality Sa > 47%/3 to ensure two-dimen-
sional conformation of A blocks.

the order—disorder transition:
47Ny [167%(327 (
Np= exp AN VB, +
B 3SB \ {983\27 AlVB

38 S 4
(')_/AB - ')_/Ba)_l;) - gB)] - 1)7 SB = ?ﬂz

47

327 .77,’2 47°
(25)
3. Results and Discussion

The phase diagram of the film in terms of the fraction
of B monomer units, f = Ng/N, N = N + Np, and of the
spreading parameter, Sg, is shown in Figure 2. This
diagram is a solution of eqs 15, 19, 23, and 25. Both
blocks are strongly adsorbed (monomer thick film) if S
is above the value 47%3. In this case the diagram is
symmetric with respect to the line f = /5. Similarly to
diblock copolymers in the bulk, parallel stripes (an
analogue of lamellar structure in 3D) are stable in the
vicinity of f = 1/o. More asymmetric copolymers form flat
disklike structures (monomer thick disklike core of A
(B) blocks in the matrix of B (A) blocks). Homogeneous
(disordered) film comprising nonaggregated blocks is
stable only in the case of strongly asymmetric copoly-
mers: f<<1or 1 — f< 1. The decrease of Sg below the
value 47%/3 results in partial desorption of B blocks, i.e.,
in the thickening of the film. Such asymmetry in
interactions of A and B blocks with the substrate is
responsible for a number of effects. First of all, aggrega-
tion of partially desorbed B blocks into the disks occurs
at smaller values of f compared to the case of 2D blocks.
This phenomenon is connected with the presence of
excess polymer—air area which can be minimized by the
aggregation. Prominent disks remain stable in very wide
range of the values of f compared to the case of the
monomer thick disks. Even long enough B blocks (f >
1/5) can form the core of the micelles. It becomes possible
due to formation of the loops which decrease radial
stretching of the B blocks. In other words, one can say
that an ability of some of the segments to leave the
substrate reduces the effective number of the segments
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Figure 3. Aggregation number @ as a function of the
spreading parameter Sg for different values of the fraction of
B monomer units: /= 0.3 (a), 0.7 (b), and 0.9 (¢). The vertical
lines split the regions of stability of various microstructures.
The aggregation number of the stripes is chosen to be @ =
q-2R/a.

in the block (the number of the segments located in the
close vicinity of the substrate), Nz = Npa/h, i.e., as if
the partial desorption “shortens” the B blocks. On the
other hand, the regions of stability of prominent stripes
and holes narrow with the decrease of Sg (increase of
h). This effect is a result of excess surface area with the
air (compared to the flat structure). For example, thicker
stripes have larger aggregation number (at fixed value
of f) to minimize the area of the polymer—air interfaces
(Figure 3). Therefore, the thicker stripes have higher
elastic free energy which decreases at the transition into
the holes. Note that the aggregation number is a
decreasing function of Sp for all kinds of structures
(Figure 3).

It is worth mentioning that the peculiar slope of the
disks—stripes and stripes—holes boundaries in the
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Figure 4. Characteristic stretching of B blocks Si¢r as a
function of the spreading parameter S for different values of
the fraction f; = 0.3 (a), 0.7 (b), and 0.9 (c). The stretching is
defined as Str = R/a for the disks and stripes and as Str =
(Ro — R)/a for the holes and inverse disks.

phase diagram enables to manipulate microstructure of
the film via variation of the spreading parameter at
asymmetric composition of the copolymer. It can become
promising for the making of multifunctional substrates
where external stimuli can control the morphology.
Characteristic stretching of the B blocks (R/a in the case
of the disks and stripes and (Ry — R)/a in the case of
the holes) as a function of the spreading parameter at
fixed values of the composition of the copolymer is
presented in Figure 4. Nonmonotonic behavior of R in
the case of the disks is a result of the competition
between two effects. First of all, the number of the
adsorbed (effective) segments Ny is increased with Sg,
leading to the increase of R. On the other hand,
decreasing aggregation number acts in favor of the
decrease of R. The effect of the aggregation number is
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Figure 5. Period of the microstructure D as a function of the
spreading parameter Sp. f = 0.3 (a), 0.7 (b), and 0.9 (c).

clearly seen in Figure 4 for the end-to-end distance of
the B blocks in different structures: the stretching drops
at the transition points. The behavior of the period of
the structure, D = 2Ry, vs Sp is shown in Figure 5. It is
seen that the disklike structure has a maximum period.
Similarly to the case of diblock copolymers in the bulk,
the size of the core of the surface microstructure scales
with the number of segments in the core Np (IN4) as R
~ NZ3 (N?5); see eqgs 11, 17, and 21.

Note that the above results obtained within the
framework of the perturbation theory are valid for the
regime of strong spreading of polymer B on the sub-
strate: Sp > (yg,/Ng)?" (for disks) and Sp > (Naygp.¥/
Np3)¥8 (for stripes and holes). Weak interactions of
polymer B with the substrate including wetting (positive
values of Sp) and nonwetting (negative values of Sp),
ISp| < ()_/19,1/]\71'3)2/7 (ISg| < (NA)73a2/N33)1/8), can also be
analyzed if we use the initial expressions for the free
energies, eqs 11 and 17. In this regime we can neglect
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the second term (~Sg) and use the condition & > a:

s Npa®
A 1Syl < N

Fige~ (NBJ_/Ba a T

_ 5 B\
F. str/hole NAT/Ba ? +
Nga®
— 1Sel< (N7 INEH (26)
Here all constants and logarithmic factors are omitted.
Minimizing these free energies, we get

N, \2/7
B —  3/Tar AT
hgige ~ a(_ s Rasx ~a¥p,” Np
Ba
3 \us 3— 2\14
h ~ Ng R ~ M (27)
str/hole a _ 9 ’ str/hole a N
AVBa A

The transition from the disks to the stripes occurs at
Na ~ y.2"™Ng®¥" or 1 — f ~ (yg/Np)?" < 1. We can see
that in the regime of weak interactions of B blocks with
the substrate the thickness 4 depends on Np and N
(stripes and holes). On the other hand, aggregation of
the blocks makes them stretched so that R > h. In
comparison with the regime of strong attraction of B
blocks to the substrate, the parameter Rgsx has a
weaker dependence on Np and R, becomes dependent
on Ny.

When repulsion of B monomer units with the sub-
strate is strong, Sp < 0, |Sp| > (¥p/Np)?7, or |Sp| >
(NaYBHNg®)V8, there are two ways to minimize inter-
facial energy: (i) the B blocks can be detached from the
substrate to aggregate atop the A blocks, or (ii) the B
blocks minimize a contact area with the substrate via
the thickening of the layers of polymer B. The first case
is considered in our previous publications.26-2% Here we
estimate the parameters of the aggregates for the second
case. Note that the contacts of polymer B with the
substrate are energetically more favorable than the
spreading atop the polymer A, if the spreading param-
eter of polymer B on the substrate is higher than that
on the polymer A, i.e., if yap + 70 > Yaq + ¥Bs. For the
description of this regime, we neglect the last term (~1/
h?) in eqgs 11 and 17 and use the condition A > a:

13  Nza
2B 28, 185> (N

Fyig ~ (N BYBa
~ L p2\s
F str/hole (N A)/Ba2 ;) +
Nrpa
TB|SB|’ Sl > (N475, /N5 )" (28)

Minimizing these free energies, we get

= 1/2
e~ a(&)”ﬂs R g EdVE
disk > Bl > disk
is 7 Ba is| ISB|1/4
3/5 3/5 36 - 3/5
NB |SB| NB YBa

hstr/hole ~ aN 15 — 92/5° str/hole ~ @ (29)

5 25
A VBa N, ISl
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where transition between the disks and stripes occurs
at Np ~ NA2|SB|3/2/)73a orl—f~ ('}_/Ba/NB)1/2/|SB|3/4 < 1.
It is seen that in this regime R ~ h for all kinds of
structures and that the stretching of B blocks is
negligible compared to the stretching of A blocks: F,/5/
F.A ~ (yp/Np)V?/|Sp|¥* < 1 (for the disks), F.B/F.A ~
YBPI(IN 4?5 N5 Sp|%%) < 1 (for the stripes), and F.5/
FoA ~ NaY5yp,25/(Ng35|Sp|3%) < 1 (for the holes). In our
model the elastic free energy of B blocks was calculated
at the assumption R > h, ensuring radial (longitudinal)
stretching of the blocks. The neglect of F,;5 in the total
free energy enables us to remove the restriction on A;
i.e., the obtained estimation R ~ A lies within the
framework of the approach. Note that 2 and R in eqs
29 have the same exponents for Ny and Np as in the

case of the spreading of polymer B atop the polymer
A.2628.29

4. Conclusions

We have developed a strong segregation theory of
microphase separation in ultrathin films of diblock
copolymers obtained by strong adsorption of one of the
blocks (A) on a plane surface. Surface interactions of B
blocks are varied from the strong attraction (sticky
blocks) to the strong repulsion (nonsticky blocks),
including regime of the weak interactions. It was shown
that both the chemical composition of the copolymer and
the strength of interactions of polymer B with the
surface control the morphology of the film. Chemically
heterogeneous surface nanopatterns, which were cal-
culated in this paper, comprise disk-, stripe-, and
holelike structures depicted in Figure 1. The dependence
of geometrical parameters of such structures on the
block lengths was found. The most important prediction
of the theory is that variation of the stickiness of one of
the blocks can lead to the morphological changes.
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