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ABSTRACT: We report a simulated annealing study of the morphology of block copolymer brushes in selective
solvents. The investigation is carried out with a lattice model, in which the ends of A-blocks of monodisperse
linear AB diblock copolymer flexible chains are grafted regularly on a flat substrate plane with an equal “spacing”.
The morphological dependences of the brushes on solvent selectivity, polymer grafting density, and block lengths
are investigated systematically. Phase diagrams of the system are constructed. Snapshots, polymer density profiles,
and average contact numbers of the blocks are used to provide detailed information about the system. It is observed
that multiple morphological transitions can be induced by varying block lengths as well as polymer grafting
densities. At very low polymer grafting density, B-pinned or A-legged micelles or “flowerlike” structures are
observed when the solvent is selective for the A or the B-blocks, respectively. Morphological transitions as well
as size and spacing of the micellar aggregates can be manipulated by varying the block lengths. These predicted
phase diagrams are consistent with available experiments and theories.

Introduction through its junction point>—33 The morphology of block

Polymer brushes, composed of flexible polymer chains Fﬁg%ﬁ@gﬁ;:ﬁ:j: gegtfggr?egn the particular points at which

tethered to solid substrates, are a subject of intensive theoretica Understanding the mechanism of structural formation in these

and experimental investigatiohs’ Potential applications for i e
olvmer brushes include colloidal stabilizatbehemical gate$ brush systems would open some exciting possibilities to create
polymer O a1 e gares, structured surfaces with a controllable periodic pattern. These
drug deliveryl? biomimetic materiald! modification of lubrica- . .
: - . o 14 structured surfaces are expected to be of great interest for various
tion, friction, adhesion and wettability of surfacgs!* and o . h
applications. However, in contrast to the experimental works,

nanotechnology In transporting of adsorbed nanoparti¢lés. theoretical and/or simulation studies of block copolymer brushes
The tethered chains in polymer brushes can be homopolymers,

\ in selective solvents are less developéd?
mixtures of homopolymers, random copolymers, block copoly- In this study, we investigate the behavior of linear AB diblock
mers, or functionalized polymers. Y, 9

. copolymers tethered onto a planar surface in selective solvents.
Brushes based on block copolyrrﬂér@z and mixed The morphological dependences of the brushes on solvent
brushe&*?* are particularly interesting because there are tWo qality, polymer grafting density, and lengths of individual
factors affecting the behavior of the brushes. The polymer chainsyocks were investigated systematically. A rich variety of
are covalently attached to a solid substrate. At the same time, g rphologies and morphological transitions are observed. The
the repulsive interaction between incompatible components gensity profiles and average contact number of the blocks were
drives the system to phase separation. The interplay of theseggcylated. The simulation results are compared with previous

two factors is expected to induce a large variety of surface gyperimental observations and theoretical predictions.
morphologies. Furthermore, the presence of selective solvents

was observed to cause significant conformational rearrange-mModel and Methods
ments?6-28 Such a system possesses the property of changing

the surfape tppography in response to different externql Cc,md"which is a well-known procedure for obtaining ground states of
tions. This simple and yet very powerful method of tailoring  complex system&:35The “single-site bond fluctuation” model on
surface topologies has led to exciting developments in utilizing g simple cubic lattice (Carmesin and Kreffeand Larso#’) was
surface-grafted polymers as potential “soft vehicles” capable utilized in our simulations. Our previous studies on this model
of moving nanosized object®%Besides linear block copolymer  system have demonstrated that the simulated annealing is an
brushes in which polymers are tethered by one end to a solidefficient method for studying self-assembled block copolymer
surface, researches have also been carried out for Y-shapednorphologies in solutioif3°and in confined environment§> 4

brushes in which the copolymer is tethered to a solid surface In the current study, the simulated annealing method is used to
obtain morphologies of diblock copolymer brushes in selective

solvents. The model and algorithm are reviewed briefly below, and
“ Authors to whom correspondence should be addressed. E-mail: a detailed description can be found elsewltére.

Our simulations were based on the simulated annealing technique,

ba?%“;%gg”(‘)‘%iggiggi ;ggg%q?\féfsfitcya- We consider monodisperse linear AB diblock copolymer flexible
* Key Laboratory of F’unctional Polymer Materials, Ministry of Education, chains. The ends of the A-blocks of these polymer chains are
and College of Chemistry, Nankai University. tethered onto a planar surface to form a polymer brush. The number
$ Department of Physics and Astronomy, McMaster University, Hamilton, Of monomers on each blocks i andNg, respectively, thus the
Ontario L8S 4M1, Canada. total number of monomers in each chainNs= Na + Ng. The
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simulation system is embedded in a simple cubic lattice of volume

V=L x Ly x L. A homogeneous, impenetrable surface (the wall) 40 = .moe 4 v *
is introduced az = 0. The copolymer chains are grafted on to the - == 4 4 v *
wall by the end of the A-block, that is, the first A- monomer in 32+ = = = A v v * A
each chain is at the= 0 plane. The wall sites cannot be occupied = e A v v .
by other monomers except the first A-monomer. The distance 24f = = e A v v *
between two neighboring grafted pointglisvhich is the “spacing” z< = e A A v . .

in bothx andy directions. The grafting density is defined as= 16+ = e A 4 v * + -
1/d2. The bond length of the polymers is set to be/2,andv/3 so 1
that each site has 26 nearest-neighbor sites. The excluded volume gl = HE : )4 : s
effect is included in the model such that two or more monomers . A Ay v * .
cannot occupy one lattice site at the same time. Periodic boundary oL . . s . .
conditions are adopted in tikeandy directions and the dimensions 4 8 12 16 20 24
arel, = Ly = 54 if not specified, and., is much larger than the NB

Cha'r? IengthN. fi . £ th . Figure 1. Phase diagram for systems with= 0.25 in theN, andNg
The starting configuration of the current study is generated by gpace. The squares represent spherical structures; the circles, wormlike

putting an array of copolymer chains onto the lattice. The polymer stryctures; the up triangles, ripple structures; the down triangles,
chains are parallel to theaxis and all chains are in an extended perforated layer structures; and the diamonds, layer structures.

conformation. Thus, the distance between two neighboring chains
is d in eitherx or y direction. After the desired number of chains  g_p|ocks. The B-block structures are either on the top of or
has been generated, the remaining empty sites were assigned t?)artly inside the A-brush

solvent molecules. Starting from this initial state, the ground state : . . _ .
of the system is obtained by executing a set of Monte Carlo For the high grafting density at = 0.25, the morphologies

simulations at decreasing temperatuf&Ehe energy of the system  Of the B-blocks are summarized in the phase diagram shown in
is the objective function in the simulated annealing. In our Figure 1, where different morphologies are represented by
simulation we consider the 26 nearest-neighbor interactions only. different symbols. It is interesting to notice that spherical
There are five types of effective pair interactions in the system, structures are observed for smaliy, and layer structures are
block A and block B, block A and solvent, block B and solvent, observed for largeNs. However, for an intermediate value of
block A and wall, and block B and wall. These are modeled by Ng, there are morphological transitions with the increasi,of
assigning an enerdy; = €ijksTrer to ach nearest-neighbor pair of - At Nz = 8—10, a morphological sequence from a ripple structure
unlike components andj, wherei, j = A, B, S (solvent), and W 45 4 yormlike structure and then to an approximately hexago-

(wall) ande; is a reduced interaction enerdg; is the Boltzmann o 52 cked spherical structure are observed with the increase
constant; and s is a reference temperature. Specifically, we assume of Na. At Nu = 12 16. and 20. morphological n ;
eas = 0.5 in all cases, which ensures the immiscibility between A B = 1z, 15 a » morphological sequences are

the A- and Bmonomers. When the solvent is selective for A-blocks, from a perforated layer to a ripple and then to a wormlike

we seteas = —1.0 andegs = 1.0, whereas when the solvent is  Structure; from a perforated layer to a ripple structure, and from
selective for B-blocks, we sehs = 1.0 andegs = —1.0. We also a layer to a perforated layer structure, respectively, with the
assumesaw = epw > O; i.e., neither block adsorbs on the wall. increase olNa.

Furthermore, we assumg = 0, withi = A, B, S, W. For the morphological sequence witlg= 10, representative

We applied the usual annealing schedule Witk: /T; 1, where snapshots are plotted in Figure 2, where a ripple structure, a
Tj is the temperature used in tjtl annealing step ands a scaling  wormlike structure and a spherical structure are shown. From a
factor. The annealing was continued until the temperature reachedyetailed check of the chains. we noticed that the A-chains are

a predetermined valugg). In our simulations/= 0.9, Ty = 50Ty, highly stretched especially for copolymers with the smaligst
andT reached ¢ (=Tgo) after 60 annealing steps. One Monte Carlo nggver we alsopnoticgd thatpngt all of the A-cha?rﬁ are

step (MCS) is defined as the average time required for all the lattice . .
sites to be visited in an attempted move. At each annealing step,P€"Pendicular to the wall even for copolymers with the smallest
15000 MCS are performed. To examine the dependence of the finalNa- Instead, most of the A-chains are tilted toward their

morphologies on the starting configuration, we performed simula- respective B-domains to bring the B-chains together. It is

tions of 15000 MCS at an athermal state (where;gi+ 0) before interesting to notice that the average distance between two
the usual procedure. Our results show that the final morphologies neighboring ripples is roughly equal in all ripple structures with
do not depend on the starting configurations. Ng = 10, and it is more interesting to notice that the average

distance between two neighboring features (ripple, worm, or

sphere) in the simulated morphologies shown in Figure 2 is
The results on two typical cases are presented in this section.roughly equal in all three structures.

In the first case the solvent is selective to the A-blocks (grafted The density profiles of the B-monomers for morphologies

blocks), thus the B-blocks (top blocks) form collapsed chains. with Ng = 10 along theZ-direction are shown in Figure 3. It is

In the second case the solvent is selective to the B-blocks, sonoticed that the peak value of the density is about G50

the A-blocks form collapsed chains. In each case, three graftingfor a ripple structure and it is about 0.45 and 0.35 for a wormlike

densities ¢ = 0.25, 0.111 and 0.028) range from high to low structure and for a spherical structure, respectively. The density

are used. In each case for a given grafting density, we haveprofiles indicate that a ripple structure is composed of semi-

investigated the influence of the block length on the morphology cylinder B-domains whehl, is smaller Na < 8), whereas it is

of the copolymer brushes. composed of B-cylinders wheN, is larger. In each density
Solvent Selective for the A-Blocks: eps = —1.0 and egs profile, the width at the half of the maximum height can be

= 1.0. This set of parameters is chosen so that the grafted defined as the average height for the corresponding feature. The

copolymers are exposed to a solvent that is good for the density profiles further indicate that the average height for each

A-blocks and poor for the B-blocks. In this case, the soluble feature is roughly the same in all three structures.

A-blocks are basically forming a stretched brush, whereas the Our predicted results can be compared with recent experi-

insoluble B-blocks exhibit several distinct morphologies, de- ments of Prokhorova et al. and Santer et al. on poly(methyl

pending on the grafting density and the lengths of the A- and methacrylates-glycidyl methacrylate) (PMMA-PGMA) and

Results and Discussion
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(a) (b)

Figure 2. Typical morphologies of copolymer brushes as a functiolNofandNs = 10 ando = 0.25: (a) a ripple structure witNa = 20; (b)
a wormlike structure witiNa = 28; (c) a spherical structure witla = 32. Only B-monomers are shown.

06— . T ——— Na. For comparison, we have simulated the behavior of
- :::::A:; A-homopolymer brushes in good solvents. In the simulation,
o5} ¥ '\ "\. Moy e —A—N=17] the length of the A-homopolymer is also varied frodp = 4
/ \ /3 {‘ \ —y— N:=16 to Na = 32 with a step of 4 and with a grafting density of 0.25.
04 Al \‘ —4— N =20} The density profiles of the A-homopolymer brushes along the
on }‘ \\ g% —*—m{g; Z-direction are shown in Figure 4b. It is noticed that for the
2 03¢ \ N / j e T AR IR A-homopolymer brushesia = o is always satisfied over the
LR 2 L \\_ " entire regions off + 1)/Na and for all chain lengths. This means
0.2} J \ & L - that the A-homopolymer chains are fully stretched regardless
x \ of their length, which is the typical behavior of homopolymer
0.1} | / &.‘ \ . . brushes with high grafting density in good solvent. Comparing
f ﬂ,‘ w4 \ parts a and b of Figure 4, we can conclude that it is the existence
0.0 e R - of the insoluble B-blocks that is responsible for the lesser
0 5 10 15 20 25 30 35 40 stretching of the A-blocks in block copolymer brushes.
z The final morphology of a copolymer brush is the result of
Figure 3. Density profiles of the B-monomers along tAedirection the competition between various interactions. The calculated

for morphologies withy = 0.25 andNg = 10. average contact numbers for each A- and B-monomers as a

poly(benzyln-methacrylatds-styrene) (p(BnMAb-S)) brushes>16 function ofNa are shown in Figure 5, parts a and b, respectively.
In their experiments, the solvent is selective to the grafted For a monomer that is far from the wall, its nearest-neighbors
(PMMA in PMMA—-PGMA and PBnMA in p(BnMAb-S)) are one of the three species, i.e., the A-monomer, the B-
blocks, and poor to the top (PGMA in PMMA- PGMA and PS monomer, and the solvent. The total contact number for each
in p(BNMA-b-S)) blocks. For the PMMAPGMA diblock monomer should be the same as the number of nearest-
copolymer brush, the degree of polymerization of the PMMA neighbors, which is 26 in our model. However, for an A-
blocks changed from 600 to 700 and then to 800, while the monomer that is close to the wall, its nearest neighbors are one
degree of polymerization of the PGMA block was 308 in all of the four species, i.e., the A-monomer, the B-monomer, the
three case¥ For the p(BnMAb-S) diblock copolymer brush,  solvent, and the site in the wall. The total contact number for
the degree of polymerization of the PBNMA block changed from each such A-monomer should be slightly less than 26 due to
500 to 800 and then to 1000, while the degree of polymerization the impenetrability of the wall. The average contact numbers
of the PS block was kept at 400 in all three ca$e$hey for the A-monomer with B-monomers, solvents, and other
observed morphological transitions from a ripplelike structure A-monomers are defined a%g, Nas, andnaa, respectively.
to a wormlike structure, and then to a spherical-like structure Similarly, the average contact numbers for the B-monomer with
with the increase of the degree of polymerization of the grafted A-monomers and solvents are definedngs andngs, respec-
blocks in both copolymer brush systems, respectively. Our tively.
simulation results that morphological transitions from a ripple ~ As shown in Figure 5anas increases whileag and naa
structure to a wormlike structure and then to a spherical structuredecrease slightly with the increasef. The relatively larger
can be induced by increasign are in good agreement with  naa further indicates that not all of the A chains are perpen-
these experimental observatidfg® Furthermore, in their dicular to the wall even for copolymers with the shortBigt
experiments, Prokhorova et al. noticed that the height of the otherwisenaa will be zero. On the other hand, Figure 5b shows
patterns and the distance between two neighboring featuresthatngs decreases whilega increases with the increase N£.
(ripple, worm or sphere) are similar in all three cases, i.e., 10 It should be mentioned that the total number of A-monomers
£ 1 nm in height and 5& 5 nm in distance, respectively for  increases with the increasef, while that of B-monomers is
the PMMA—PGMA brush. Thus, our simulation results about unchanged, which results in the different behaviors betwggn
the average height of the morphology and the average distanceand nga. As the B-blocks form collapsed chains, the domain
between two neighboring features are also in good agreementformed by the B-monomers will be designated as the core, while
with these experimental observatidiis. the A-domain as the matrix. Thus, the quantiiya + nas

The density profiles of the A-blocks along tizedirection corresponds to the average contact of a B-monomer with other
are plotted in Figure 4a, in which the abscissa has been scaledspecies. This quantity is proportional to the total surface area
by (z + 1)/Na for convenience. Figure 4a shows that for of the core and it is also plotted in Figure 5b. From this figure,
copolymers with the smalledta (=4), pa ~ o in the whole it is clear that the total surface area of the core changes with
region, whereas for copolymers with longex, pa > o for (z the morphologies. Among the three structures, the spherical core
+ 1)/Na < 0.7 while pp decreases sharply with the increase of has the smallest total surface area and the ripple core has the
(z+ 1)/Na for (z+ 1)/Na > 0.7. These results indicate that the largest total surface area. As we know, the major contributions
A-chains are fully stretched for copolymers with the shortest to the interaction energy of the system are from three parts as
Na and that they are less stretched for copolymers with longer both components dewet the wall: the attractive interactions
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Figure 4. Density profile of the A-monomers along th&direction with Na = 4—32, for (a) diblock copolymers wittNg = 10 and (b)
A-homopolymers.
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Figure 5. Variation of the average contact number wiNk for (a) A-monomer and (b) B-monomer.

(b)

(d)

Figure 6. Morphologies of copolymer brush for different length of the B-block with- 0.25 andNa = 10: (a) spherical micelled\s = 4; (b)
wormlike micellesNs = 8; (c) stripe structureNs = 10; (d) perforated layeilNs = 16; (e) layer,Ng = 20. In this and the following figures, the
A-monomers are shown as dark areas and B-monomers are light areas.

between the A- monomers and the solvent molecules, thesequence, spherical to wormlike structure to ripple structure to
repulsive interactions between the B-monomers and the solventperforated layer structure and then to a layer structure, is always
molecules, and the repulsive interactions between the A- andobserved with the increase bls. However, theNg region of
B-monomers. So the contact of the A-monomers with the spherical structures increases witlh, and all the boundaries
solvents is favorable, whereas the contact of the B-monomersmove to slightly largeNg values with the increase ®fa. The
with the solvents and that between the A- and B-monomers is representative snapshots for the morphologies with the increase
unfavorable. In our modeks > €ag, Which means the contact of Ng are shown in Figure 6. Figure 6a is the morphology
between the A- and B-monomers is preferred over that of the formed whenNg = 4, in which the B-monomers form a
B-solvent. Thus, it results in the fact thags decreases while  relatively regular hexagonally packed spherical pattern. Figure
Nga increases with the increaseNf in Figure 5b. On one hand,  6b shows the morphology formed whislg = 8, which consists
the increase in the A-B contact at such a high grafting density of wormlike B-domains. AsNg is increased to 10, a ripple
means that A-chains have to bend. That is, the A-blocks are structure is formed. As shown in Figure 6c¢, the ripple structure
bended to separate the contact between B-monomers and solveris actually consisting of cylindrical B-domains. Whég is
molecules. On the other hand, the increase in thd/Aontact further increased to 16, the B-blocks form a layer but with some
can result in the decrease in the contact of A-solvent, and theholes (see Figure 6d). This structure can be regarded as an
latter is unfavorable in energy. Therefore, just as in other inverted micelle. Since now the B-component is the majority
solution system&? it is the competition betweemag, nas, and species relative to the solvent molecule in the few effective
ngs that leads to the formation of different morphologies. Thus, layers, and the latter forms the holes in the continuous B-domain.
the morphology of a block copolymer brush in solvent also WhenNg is further increased to 20 and up, a B-layer is formed
depends on the values efg, €as, andegs besides the block  which covers the entire top surface of the A-brushes (see Figure
lengths. 6e).

As shown in Figure 1, morphological transitions also occur ~ Figure 7 shows the density profiles of both the A- and
with the increase ofNg. At a fixed Na, a morphological B-monomers along th&-direction for the morphologies shown
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Figure 7. Density profiles of both the A- monomers (a) and the B-monomers (b) along-thieection for morphologies shown in Figure 6.

in Figure 6. From Figure 7a it is noticed that the density profiles - — T T 1 |

of the A-monomers witiNg = 4—16 are similar to those plotted 32l = = = = = = i
in Figure 4a. That ispa > o for the middle several layers while
pa decreases sharply in the top few layers. Whereas for t m ®m m = = =

copolymers withNg = 20, pa = o in the whole region. Thus,

Y Vv A A A

v v v v v

> rr > Vv v

| S I S S
I

they indicate that the A-blocks are slightly bended whign< 24y = = = = = &

16 whereas they are fully extended in a layer structure Wih . m = = m m 4

= 20. From Figure 7b it is noticed that the density curves are z“

parabola-like wheiNg = 4—16, and the peak values are about 16 = = = » » <« y
0.3, 0.45, 0.50, and 0.65 for spherical, wormlike, ripple and I

perforated layer structures, respectively. The curve is steplike, E E E E E e p A A A

andpg = 1 for the layer structure withlg = 20. These density r 1
curves are consistent with the morphologies shown Figure 6.
They indicate that the average height for each feature (sphere,
worm, ripple or perforated layer) in the simulated morphologies
increases witiNg. Comparing the density profiles shown in 0 8 16 24 32 40

Figure 3 and in Figure 7b, it is noticed that the peak values for NB

the corresponding §tructures in the two cases are very 5|m|I.ar.,:igure 8. Phase diagram for systems with= 0.111 in theNa and

As the A-monomer is solvent-soluble while the B-monomer is Ng coordinates, where the squares represent spherical structures; the
solvent-insoluble, we take the B-monomer as one componentcircles, wormlike structures; the up triangles, ripple structures; the left
while the A-monomer and solvent as another. It is noticed that and right triangles, degenerated structures of coexisting region | and
the fraction of the B-monomer in the effective layers is ' reSpectively.

approximately 50% in all ripple structures, while it is less than . N - -
30% in all spherical structures. diagram shown in Figure 8. Similar to that shown in Figure 1,

From Figure 1, we notice that similar morphological transi- only SPhe“Ca' structures are observed for sr_natﬂgra_nd the
tions can be induced either by increasing the length of the grafted Ng region of spherical structures enlarges_ with the Increase of
block or by decreasing the length of the top block of the Na- For a smallelNa the typical morphological sequence with
copolymer. It is also noticed that the morphologies are richer € incréase oilg is from a spherical structure to an ellipsoidal
and more sensitive to the changes\f The region of wormlike structure and_then toa ripple structure, which is SImI|E_3.I' to that
structures is very narrow in the phase diagram. A wormlike observed at high graftmg densny..HOV\{ever, there are dlﬁere.n.ces
micelle may be just an intermediate state between a spherical’€Ween the phase diagrams with different grafting densities.
micelle and a ripple. In the study of homopolymers grafted to One d|ffere_nce is that Iayer_ or perfor_ated layer structures do
a surface in bad solvents, Williams predicted that a similar Ot occur in the phase diagram wiin = 0.111 for the
morphology may occur to allow the coronal chains to stretch considered chain length range; msteadz ripple structures are
less? obse_rv_ed for Igrgen\_IB. Another d|ff_erence |s_that there are two

Our detail examinations of all the morphologies and the CO€Xisting regions in the phase diagram witk= 0.111 where
density profiles withs = 0.25 show that the average distance WO degenerated structures are always observed.
between two neighboring features (ripple or sphere), and the Figure 9 shows representative snapshots for the typical
average radius for each feature, increase with the increase ofnorphologies with the increase Ng with Na = 10. WhenNsg
Ng and do not depend oNa. Careful computations show that = 4—20, the B-blocks form approximately hexagonally packed
the average distance between two neighboring ripples is aboutspherical micelles. Ad\g is increased to 24, the shape of the
4.0Res and that between two neighboring spheres is about Micelles becomes elongated or ellipsoidal or wormlike (Figure
4.3Reen WhereReesis the end-to-end distance of Gaussian chains 9¢). WhenNg is further increased to 32, a ripple structure is
with length of Ng. Our computations further show that the formed (Figure 9d), which consists of parallel B-cylinders. From
average radius is about R&B for each ripp|e, and it is about the side views of the structures, it is noticed that the A-blocks
1.3Rees for each sphere. Thus, all these quantities seem to beform a bigger boatlike corona wrapping around the bottom and
approximately proportional tBeegat this high grafting density. ~ sides of the B-cores in all cases.

When the grafting density is decreasedotc= 0.111, the Figure 10 shows the density profiles of the B-monomers along
morphologies of the B-blocks are summarized in the phase the direction perpendicular to the wall for the above morpho-

u u | | L] L] > Fy A A
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e ™ / P i shows the typical degenerated structures observed in the
% ; coexisting region IlI; one of them is a ripple structure and another
: ; y - is a mixed structure of wormlike micelles and ripples. These
) I« £ degenerated or mixed structures in coexisting regions may be a
HFE ; result of the fluctuations of the morphology at the boundary

y o f between the spherical and ripple structures at this low grafting
R H s density.

% i We further investigated the influence dfy on the brush

A morphology at the grafting density of = 0.111. Figure 12
plotted the representative snapshots of the resulting morphol-
ogies as a function dils, where two sequences are given. As
shown in Figure 12, spherical structures are formed wkgn
=12, and ripple structures are formed whn—= 32 (the mixed
structures are not shown here). There are no obvious differences
in the size of the micelles and in the symmetry and the average
distance between two neighboring features of the structures
resulted from the samblg but differentNa. However, it is
noticed that, in the region of shdx, the B-micellar cores are
pinned close to the wall. A8la increases, the A-blocks are
incorporated into the “legs” of the micelles, the segments that
tether the micellar core to the wall. With the further increase of
Na, the B-micellar cores become less laterally confined and a
greater part of them are wrapped inside the A-brushes.

Figure 13 shows the density profiles of the B-monomers along
the Z-direction for morphologies shown in Figure 12. It is
noticed that the symmetric density curves are formed viXien
> 10. The peak values in the density curves are consistent with
that plotted in Figure 10 and also slightly lower than that for
Figure 9. Morphologies of copolymer brush for different length of the corresponding structures formed at high grafting density.

tlhze %\;E'ﬁf’r‘ék t"r‘]’gh% o:r Oh-éﬁjl iz’;d;";ezv%g\;vég) 2‘% rT 4 t@gd (gzNeanicular It is noticed that the average distance between two neighbor-

directions: (©Ns = 2& andg(d)NB — 37 9 perp ing featl_Jres (sphere or ripple) and _the average radlus_for each
feature in the simulated morphologies also increase Witlat

T " T ) T this low grafting density. Our computations show that the

average distance between two neighboring ripples is in the range

of 3.3—3.9Reeg cOrresponding td\Ng in the range of 36-40, and

it is in the range of 3.74.1R.eg between two neighboring

spheres corresponding 5 in the range of 1628. That is,

the increase of these average values Wwighs quick than that

for Reeg Our computations further show that the average radius

is about 0.8-0.9R.cgfor each ripple, and it is about £11.3Reep

for each sphere.

The morphological transitions from a spherical to a wormlike
and then to a ripple structure can also be induced through
increasingNg at the lower grafting density. However, the
20 transition boundaries are moved to larddyvalues relative to

those observed in the high grafting density case. This conclusion
. . ) N is reasonable considering that the number of the total chains
Figure 10. Density profile of the B-monomers along direction - . - o
perpendicular to the wall for morphologies formed at the grafting density decreases with the decrease of the grafting density. Thus, it is
of 0 = 0.111. not surprising to notice that similar morphologies occur at about
the same region in the phase diagrams whose coordinates are
logical sequence wittNa= 10. It is noticed that the density  scaled in theNac andNgo. Furthermore, we can deduce that
curves are parabola-like for all the morphologies. The peak other morphological transitions, such as these to a perforated
values in the density curves are about-0013, 0.37, and 0.47 layer structure and to a layer structure observed in the high
for spherical, wormlike, and ripple structures, respectively, grafting density case can also occur at this lower grafting density
which are slightly lower than the same values for the corre- providedNs is larger enough. In contrast to the high grafting
sponding structures formed at high grafting density. Figure 10 density case, we did not locate a morphological transition from
further indicates that the average height for each feature (sphere@ ripple structure and finally to a spherical one with the increase
worm, or ripple) in the simulated morphologies also increases Of Na in the considered range in this low grafting density case.
with Ng. Our results indicate that such a morphological transition will

In contrast to the high grafting density case, we observed occur at a largeN value in this low grafting density case if
coexisting regions in this low grafting density case. Figure 11a One exists.
shows the typical degenerated structures observed in the These predicted results can be compared with previous
coexisting region I; one of them is a spherical structure and experimental or theoretical results of block copolymer brushes.
another is a mixed structure of spheres and ripples. Figure 11bin the recent experiments of Tomlinson and co-workers, the
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(a) (b)

Figure 11. Degenerated structures formed with = 28: (a) coexisting region | wititNs = 28 and (b) coexisting region Il withNg = 36.

(b1) (c1)

(a2) (b2) (c2)

Figure 12. Typical morphologies of copolymer brushes as a functiohNpfvith ¢ = 0.111: (1)Ng = 12 and (atcl) Na = 4, 10, and 20; (2)
Ng = 32 and (a2c2) Na = 5, 10, and 32.

topography behavior of poly(2-hydroxyethyl methacrylate-  a® solvent for the bottom block and a poor solvent for the top
methyl methacrylate) (PHEMA-PMMA) block copolymer block, at relatively low densitie¥.*8 Their self-consistent field
brush was studied systematically as functions of both the calculations and scaling arguments predicted that the copolymer
PHEMA (grafted) and PMMA (top) block lengths, respectively, brushes exhibit several distinct morphologies: the regime of
after selectively collapsing the top (PMMA) bloék.Their nonaggregating chains (1), A-legged micelles (MAB), pure B
results reveal that, in the region of short PHEMA, the PMMA pinned micelles (PMB), the starlike block copolymer micelles
micellar cores are pinned close to the surface. As the length of (MA), and a bicontinuous phase (BAB). The morphological
the PMMA block increases, the micellar cores increase in size; sequence from | to MAB or PMB and then to BAB is predicted
micelles are forced to approach one another, and they eventuallywith the increase of the top block length. While the morphologi-
form a bicontinuous honeycomb-like morphology. Moreover, cal sequence from PMB to MAB and then to MA is predicted
the increase in size of the micelles is dependent primarily on with the increase of the grafted block length. Our predicted
the PMMA block length. Increasing the PHEMA block length results are in good agreement with these experimental and
dramatically enhances the lateral freedom of the micelles. theoretical results.

Theoretically, Zhulina and co-workers studied the behavior of ~ When the grafting density is further decreased te 0.028,

AB diblock copolymers more than a decade ago, where the the representative snapshots for the resulting morphologies are
copolymers are grafted to a planar surface in a solvent, that isshown in Figure 14. As can be seen from this figure, only
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Figure 13. Density profiles of the B-monomers along tBedirection for morphologies shown in Figure 12: (&) = 12 and (b)Ng = 32.

(a) (b) (c)
Figure 14. Morphologies of copolymer brush for different length of the A and B-blocks with 0.028. (a)Na = 4 andNg = 4; (b) Na = 4 and
Ng = 24; (c)Na = 10 andNg = 24.

(a) (b) (©) (d)

Figure 15. Morphologies of copolymer brushes for variodg with 0 = 0.25 andNg = 4: (a) semispherical micelles witha= 4, (b) stripe
structure withNa= 8, (c) perforated layer witiNa= 16 and (d) layer wittNa= 20. Only the A-monomers are shown.

spherical micellar structure is formed in this case. With small structure to a finally spherical structure can be induced through
Na, the B-pinned or A-legged micelles are formed. With the decreasing the grafting density. This conclusion is also true for
increasing of eitheNa or Ng, the size of the B-cores increases, a symmetrical diblock copolymer. Similar morphologies and

and the number of micelles in the system decreases, which ismorphological transition were predicted by Minko ef&hand

different from that observed at the grafting densityscf 0.25 Miller?” in the study of mixed brushes in solvents. They called
or 0.111, where the size of the B-cores is dependent primarily the morphology of a spherical structure, in which the solvent-
on theNg. It is also noticed that at small@ts, the A-blocks insoluble component forms clusters, as a “dimple” structure.

stretch in the lateral direction and the B-cores are confined nearThey predicted a transition from a ripple structure to a “dimple”
to the wall. With the increasing &, the B-cores become less  one for mixed brush of symmetrical composition when the
laterally confined and more free-floating in the top of the quality of the solvent is changed from nonselective to selective
brushes. These predicted results are also consistent with thefor one component. All these results indicate that similar
experimental observations of Tomlinson and co-workers and morphologies and morphological transition can be induced in
the theoretical predictions of Zhulina and co-workers mentioned both mixed brushes and block copolymer brushes.
earlier?8.17.18 Solvent Selective for the B-Blocks:eas = 1.0 andegs =
Comparing the morphologies observed at the three grafting —1.0. This set of parameters is chosen so that the grafted
densities, we find that there exist morphological transitions copolymers are exposed to a solvent that is good for the
induced through changing the grafting density. It is noticed that B-blocks and poor for the A-blocks. In this case, the insoluble
a spherical structure is always formed at a low grafting density A-blocks exhibit several distinct morphologies near the wall
(see Figure 14). In contrast, a ripple structure or a perforated depending on their length, while the soluble B-blocks form
layer or a layer structure can also be formed besides the sphericabrushes in the surface of the A-domains.
structure at a high grafting density (see Figures 1 and 8). Figure 15 plotted the final morphologies obtained at a high
Therefore, these results indicate that, depending on the structuregrafting density ¢ = 0.25), where we fix the length of the
at the high grafting density, a morphological transition from a B-blocks atNg = 4 and gradually increase the length of the
ripple structure or from a perforated layer or from a layer A-blocks from 4 to 32 with a step of 4. It is noticed that with
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Figure 16. Density profiles along th&-direction for morphologies shown in Figure 15 for (a) the A-monomers and (b) the B-monomers.

the increasing ofNa, the following morphological transitions
take place for the A-domains: a semispherical structige=

4) to a ripple structureNa = 8—14) to a perforated layeiNy

= 16) and then to a layerN, = 20). This morphological
sequence is very similar to that observed in the previous section
for the B-blocks in the A-selective solvents (see Figure 6), which
indicates that the solvent-insoluble blocks can form a similar
morphological sequence when their length is changed whether
they are grafted on the wall or on the top. Our further
simulations indicate that the same trends as thesé&lfor 4

can also be obtained with largBi.

The density profiles of both the A- and B-monomers along Figure 17. “Flowerlike” morphology of diblock copolymer brushes
the Z-direction for morphologies with various, are plotted in ~ in selective solvent for B-blocks witNa= 12, Nz = 4, ando = 0.111.
Figure 16, parts a and b, respectively. In Figure 16a, it is noticed
that the peak value of the curve increases with the increase of . . ) .
Na, and it is 1 for the layer structure, which is consistent with Comparing the morphologies observed at the different grafting
the morphologies shown in Figure 15. It is also noticed that densities, we find that similar to the case of the A-selective
the peak values are slightly higher than those of the B-monomersSolvents, there: also eX|st'morphoI.og|caI transitions induced
for the corresponding structures obtained when the solvent isthrough changing the grafting density.
selective for the A- blocks. In Figure 16b, it is noticed that the It is noticed that the solvent-insoluble blocks can form a
density profiles of the B-monomers vary slightly witka, similar morphological sequence whether they are grafted on the
though the peak position occurs at a largeralue with the wall or on the top when their length or the grafting density is
increase oiNa. One obvious feature of the density profiles is changed. The predicted morphological transitions are in good
that the copolymer chains seemed to be confined to the severalgreement with available experiments and theories of block
layers near to the wall. The A-chains are confined to the wall copolymer brushes. Recently, in the study of grafted homopoly-
because a more stretched A-chain means greater contact of theners in a poor solvent with self-consistent field method as well
A-solvent, which is unfavorable in terms of energy cost. The a5 Monte Carlo simulations, Pattanayek and co-workers ob-
B-chains are also confined to near to the wall because theseryed morphologies and morphological transitions similar to

B-chains are _alway_s tryi_ng to separate the A_—solvent contact. 4t predicted here, by either varying the grafting density or
Our further simulations indicate that the chains do not have ¢pain lengti2 It is also noticed that in some of our simulations

obvious stretch even for largéia or for larger polymerwall with very shortNa or Ng, the chain conformations are stretched
interactions. It is also noticed that there is a small shoulder on |ose to their maximal linear extension. This will lead to a loss
the left of the main peak for each curve in Figure 16b wih of the configuration entropy and this situation may be quite

<20. The small shoqlder_ always occurs on the second Iayerdifferent with that from experiments or self-consistent field
above the wall, which is because that the strong B-wall theory

interaction prevented the B-chains further down to near the wall. i _ _ o o

For moderate and low grafting densities € 0.111 and Because the S|mula_t|ons were done in a finite box, it is
0.028), only one type of structure is observed for the studied expected that the packing of the patterns depends on the lateral
chain length Ka= 4-32 and Ng = 4-32). The typical size of the box. In order to test the influence of the lateral system
morphology is shown in Figure 17. This structure is just like a Size on the final morphology, simulations with different box
“flowerlike” structure where the core is formed by the insoluble Sizes were performed. The results show that the lateral system
A-blocks and the “petals” are formed by the soluble B-blocks. size does not affect the final morphology. However, it does
The size of the core increases with, whereas it does not  affect the packing of micelles in the final morphology. For
sensitive toNg. This “flowerlike” structure was also predicted example, spherical micelles with very regular hexagonal packing
by Zhulina et al. in the case when the insoluble component of can be observed when the lateral system size matches the period
the diblock copolymers is grafted onto the planar surfdda. of the micelles, whereas spherical micelles with approximately
their case, the insoluble A-blocks form a dense micellar core hexagonal packing can be observed when the lateral system size
while the soluble B-blocks form a shield around the B-micelles. does not match the period of the micelles.
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