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ABSTRACT: In this paper, we consider thin films of AB block copolymer melts confined between two parallel
plates. The plates are identical and may have a preference for one of the monomer types over the other. The
system is characterized by four parameters: the Hélygginsy-parameter accounting for the repulsion between

the A monomers and the B monomers, the fracfiohA monomers in the block copolymer molecules, the film
thicknessd, and a parametdr quantifying the preference of the plates for the monomers of type A. In certain
regions of parameter space, the film will be microphase separated. Various structures have been observed
experimentally, each of them characterized by a certain symmetry, orientation, and periodicity. We study the
system theoretically using the weak segregation approximation to mean field theory. The theory is phenomenological
in the sense that in the Landau expansion of the free energy the third and fourth order vertexes are approximated
by constants, while the second order vertex is approximated by a quadratic function of the wave vector. As a
consequence, the details of the architecture are not taken into account, and within the scope of the theory, our
results apply equally well for multiblock copolymers and triblock copolymers, though the mapping from the
rescaled parameters to the physical parameters would be a bit different. We restrict our analysis to the region of
the parameter space where the interaction strepdghclose to its spinodal valug, the compositiorf is close

to the critical composition, the plate prefererites small, and the film thickness is close to a small multiple

of the natural periodicityfo = 27/q (the first three conditions define the weak segregation regime). We will
present our results in the form of phase diagrams in wiick |(d/nLy — 1)/e| is placed along the horizontal

axis, andT ~ (y — ys)/€? is placed along the vertical axis, wherés a measure for the composition asymmetry

(f — 0.5). We present a series of such phase diagrams for increasing values of the rescaled plrantete:

We find that if A is small, corresponding to films whose thickness is commensurate with the bulk periodicity,
parallel orientations of the structures are favored over perpendicular orientations. We also predict that on increasing
the value of the parametét, the region of stability of the bcc phase shrinks.

1. Introduction of these two lamellar structures were investigated theoretically
for the case of confined films. Also more complex structures
have been reported experimentafysuch as cylindrical struc-
tures, hexagonally perforated lamellae, and the gyroid structure.

Bulk systems of AB block copolymers may undergo a phase
transition to a state which is homogeneous on a macroscopic

scale but which is phase separated on a mesoscopic scale. Man he cylinders of the cylindrical structure can be either parallel

experimentd” and th_eorehcéfﬁ StUd.'eS of bulk block cqpoly- .or perpendicular to the film. The relative stability of these
mers have been published, enhancing our understanding of their . . . .
. . .~ structures has been investigated theoretically in refs2119
phase behavior. More recently, there has been an increasing
interest in thin block copolymer films. Such films can be created ~ Apart from experimental and theoretical research, also some
by spin-coating a block copolymer solution on a substrate and Monte Carlo studies have appeaféd® In ref 17, the phase
then letting the solvent evaporate. One can create either a freddehavior of symmetric AB-diblock copolymers confined in a
film for which the upper surface is formed by air while the thin film was investigated using both Monte Carlo simulations,
lower surface is formed by the substrat€ or a confined film and self-consistent field theory. The film boundaries were
for which the upper surface is a solid plate parallel to the assumed to have a preference for the minority component. For
substraté?! There is a qualitative difference between these two thick films and small AB-incompatibility the authors found a
cases. If the film is confined, the microstructure might have to lamellar structure in which the lamellae are oriented parallel to
be distorted in order to fit inside the film. If the film is free, the film. For thin films and larger incompatibility, the authors
however, the system can avoid this distortion by the formation find transitions between parallel and perpendicular orientations
of terrace$,!2 so that locally its thickness is everywhere of the lamellae. In ref 20 angB,sAs triblock copolymer trapped
commensurate with the natural periodicity of the structure. In between two plates having a preference for the end blocks was
this paper, we will only consider confined films. studied using Monte Carlo techniques. It was found that in very
Using X-ray scattering, various microstructures have been thinfilm;, acyljndrical s.truc'ture yvith thg cylinders perpendicular
observed in copolymer films. The simplest of these is the to .the film arises, while |n_th|cker films thfe perpendicular
lamellar structur@811The lamellae may be either parallel, or ~ CYlinders are replaced by either parallel cylinders or parallel
perpendicular to the film. In refs 1318, the relative stabilities ~ 1amellae, of perforated lamellae.
For experimentalists it would be useful to know in advance
: ) : in which part of the multidimensional phase space one can
* Corresponding author: angerman@ics.u-strasbg.fr. L . . S .
t Institut Charles Sadron (LEA). expect to find interesting microstructures. This kind of informa-
* Institut Charles Sadron. tion can be obtained using theory or simulation. We can
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distinguish two types of theories. On one hand, we have theoriessecond contributiom\F, which vanishes if these interactions
that require heavy numerical calculations, like the self-consistent are absent. The first terf§vy] is the entropy of the coarse
field theory. For a given point in phase space, they will give an grained statey; that is, the logarithm of the sum of all a priori
accurate prediction for the structure to be expected, but sinceprobabilities of the microscopic states which are compatible with
these methods are rather time-consuming, they are not suitablehis coarse grained state. It takes into account the effects of the
for obtaining an overview over the whole of phase space. On strong interactions (excluded volume, chain connectivity), and
the other hand, there exist the more simple (analytical) theoriesit corresponds to the Landau free energy of a film in which the
like the strong segregation theory and the weak segregationA monomers are physically indistinguishable from the B
theory. Because of the approximations made, their predictions monomers. It is possible to write down an expressionSar

are less accurate, but they have the advantage that they camhe form of a series expansion in. The coefficients of this
provide physical insight and that the whole phase diagram canexpansion can be related to the single-chain correlation functions
be mapped out rather quickly, providing a global overview. The of the system in which the weak interactions are absent. We
rough results of such theories can then be used as a guide fowill assume that the third and higher order correlation functions
more time-consuming numerical methods or simulations or as can be built from the second-order on86,Ry;j,Ry) (see ref

a guide for experimental work. 3). In principle, these correlation functions could be calculated
by summing the a priori probabilities of all microscopic states

2. Equivalence between a Confined Film and a in which, of a given chain, monoméris at positionR;, and

Bulk System monomey is at positionR,. Within mean-field theory it can be

We consider a thin film of molten AB-diblock copolymer proven that the correlation functions thus obtained satisfy
trapped between two parallel imprenetrable plates. The copoly-reflecting boundary conditions at the plates (see ref 22, where
mers are assumed to be flexible, in the sense that the persistencthis was established for the first time). For a half-infinite system
length is much smaller than the block length. Apart from the occupying the part of space satisfying- 0, the second-order
chain connectivity, the excluded volume of the monomers, and correlation function can be written as
the excluded volume of the plates, which represent strong . . _ _
interactions, two weak interactions are present in the system.  G(i,R;;j,R,) = Gy (i, Ryij, Ry) + Gyyli, Risj, SR) (3)

The first is a short-range interaction between the different

monomer types, and is taken into account by means of thewhereS represents a reflection in the plare= 0. If eq 3 is
Flory—Hugginsy-parameter. If thg-parameter is positive, there  generalized to a film, the right-hand side will contain an infinite

is a tendency for the A monomers to separate from the B number of terms, obtained from repeated reflectioRof the
monomers. The second is a short-range interaction between thelates. We emphasize that we do not assume that these reflecting
plates and the monomers. The range of this interaction may beboundary conditions still hold in a system for which the plates
either comparable with, or shorter, or longer than the size of a have a preference for one of the monomer types over the other.
monomer unit, but it must be short compared to the radius of We only assume that the Landau free energy of the general
gyration of the blocks. If the interaction strength between the system can be written as a sum of two parts, one being the
A monomers and the plates is different from the interaction Landau free energy of the system without weak interactions,
strength between the B monomers and the plates, there will beand that reflecting boundary conditions may be assumed in the
an accumulation of one of the monomer types near the plates.calculations concerning the latter.

The presence of these two weak interactions may lead to a We introduce a coordinate system for which thaxis is
nonhomogeneous spatial distribution of the two monomer types. perpendicular to the film, and for which the origin is chosen
Our aim is to find the time-averaged shape of the equilibrium such that the film is between= 0 andz = d. The profiley(x,
composition profile in terms of the parameters of the system. y, z) is only defined within the film; that is, for & z < d. We
Having this goal in mind, it is convenient to switch from a now construct the profildP(x, y, 2), which is defined in the
microscopic description in terms of the positions of all individual whole of space, by repeated reflection of the film profile in the
monomers, to a mesoscopic description in terms of the coarseplates. It can be shown that under the assumptions enunciated

grained composition profiley defined by above, the free energy density of a film with profil€x, y, 2)
is the same as the free energy density of a bulk system with
PX Y, 2 =paX Y, 2 — f 1) profile W(x, y, 2). Since much is already known about the

calculation of the free energy density of bulk systems, it is
wherepa is the coarse-grained A monomer concentration, and convenient to switch from the film to the auxiliary bulk system.
fis the system averaged A monomer concentration (we assumeThe profile of the auxiliary bulk system is invariant under
that the volume of a monomer of type A equals that of a translation over a distance 2d into thelirection, and mirror
monomer of type B). The units have been chosen such that thesymmetric in the plang = 0. Note that it follows from this
total density of the system equals unity, from which it follows that the profile is mirror symmetric in any plane described by
that 0 < f < 1. Note that there are many microscopic states z= kdfor integerk. The symmetries imply that we can express
corresponding to a given coarse grained sjaté/e will analyze the composition profile of the auxiliary bulk system as a Fourier
the system by calculating its mean-field free endfg\We make series of the following general form:
the assumption that this free energy can be obtained by
minimizing a functionalF[y] having the form

Fly] = — Syl + AF[y] )

The functionalF[y] can be considered as a generalization Equation 4 is more than just a mathematical expression for
of the Landau free energy known from the study of ferro- the profile inside the film: it prescribes how to continue this
magnetic systems. All effects concerning the weak interactions profile into the region outside the film in such a way that a
(monomer-monomer, monometplate) are present in the bulk system having this profile would have the same free en&rBX/

Wiy, )= T Ak y) conr @)
XV, Z) = X, COS—
y k; % |
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density as the film. In other words, fox,(y, 2) lying inside the
film, eq 4 is merely a mathematical statement about Fourier
expansions, but fox(y, 2) lying outside the film, it is a physical
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is the restriction of¥ to the film. The film profile is not
constrained by symmetry requirements, it is only constrained
by the requirements that it must integrate to zero and that its

statement about the relation between film and bulk free energies.value must lie between—f) and (1— f).

For even values df, the cosine appearing in eq 4 is symmetric
with respect to the midplane of the film, while for odd values
of k, it is antisymmetric. Since the plates are identical, only for
even values ok does the corresponding composition wave
couple to the plates. Consider for given vedioand phasep

the following combination of plane waves:

W, (%Y, D) = &7 & GarIad | gl gl (@ntaytan) 4
o it (COXTAYTAD) | dd ori(-axtayeD) —
2 cos Gx + Gy + ¢) costi2) (5)
with

kr
We see that any real linear combination of profiles of the
form given by egs 5 and 6 has the special form given by eq 4,

and thus it possesses the symmetries of an auxiliary bulk system.

In fact, the converse is also true: any bulk profile satisfying

the above-mentioned symmetry conditions can be written as a

linear combination of functions of the form given by eq 5:

lp(xr yv Z) = z Aq lp?:m)q (X, y! Z) (7)
q

where the summation overis restricted to some appropriate
quadrant of Fourier space (see eq 5), and the amplitéglase

3. Weak Segregation Regime

We will study the film in the weak segregation regime, which
is defined by the requirements that the AB-interaction strength
x is close to its critical valué., the A monomer fractiorf is
close to',, and the preference of the plates for one of the mon-
omer types over the other is only slight. The precise meaning
of the words “close” and “slight” will be given further on. We
will also assume that the film thickness is close to a multiple
nLo of the natural periodicity.o = 27/¢, whereqp denotes the
position of the minimum of the second-order verteia our
calculations we will assume that the structure is periodic with
periodd/n in the direction perpendicular to the film, by which
we mean that if the film is divided into slices of thickness
d/n, then each slice is identical as far as the internal structure is
concerned. This assumption of homogeneity is only justified if
the film thicknesdd is much smaller than the bulk correlation
length &, which depends on the system parameter3®via

Ry

S ——— 10

(Nl = )™ 4o
whereRy is the radius of gyration of an unperturbed chain in
the melt. If, on the other hand, the film thickness is much larger
thang, then in the middle of the film the structure will be the
equilibrium bulk structure, which may be different from the
structure near the plates. Nevertheless, for any given value of
the film thicknessd, no matter how large, the conditigr> d

real. It is easier to express the symmetry requirements in termsyj pe fulfilled once we are close enough to the critical point.

of the Fourier transform of the composition profile, which is
defined by

®)

If W(r) is periodic, then its Fourier transform consists of a
discrete collection od-peaks, each of which has an amplitude
proportional to the volume of the system. Using eq 5, we see
that in order for the profile to be real and the symmetry
conditions to be satisfied, the following set of three conditions
on the Fourier transform of the composition profile is sufficient
(it is also necessary, but we will not prove this)

W (=) =w*(q)
W (=G, a) =¥* (4, q)

¥, = [d¥r w(r) e’

— , kr
W (-G, q)=0 ifnotg, ="y ©)
wherek is an integer, the star denotes a complex conjugate,
andgq, = (g, o) denotes a vector parallel to the film. The first
condition expresses the fact that the composition profile must

Therefore, in the weak segregation regime our assumption
concerning the homogeneity of the structure in the perpendicular
direction does not impose any restriction on the film thickness,
and the integen may take on any value. For largeve are in

the regimely < d < &. Because of the first inequality,
incommensurability effects are negligible. Because of the second
inequality, the free energy contribution coming from the surface
preference is spread evenly over the entire film, and since the
film is thick while the surface preference is small, the effects
of the surface preference will be negligible as well. We conclude
that if nis large, neither the incommensurability, nor the surface
preference plays an appreciable role, so that the structure inside
the film will concide with the bulk structure. For this reason
we need only to consider small valuesrofWe stress that for
given film thicknessd > L, the reasoning given above only
applies once we are close enough to the critical point, where
&> d. If, on the other hand; < d, the influence of the surface
preference penetrates only over a certain distance into the film,
and the structure near the midplane may be different from the
structure near the surfaces. It would be interesting to study how
one structure slowly transforms into another; see also ref 24,

be real valued, while the second and the third express thewhere this problem was addressed in the lichit> co.

symmetry properties. Note that it follows from the second
condition that¥(q) is real for any vector which is perpendicular
to the film, which means that sines are not allowed; only cosines
are. For the set djj vectors which attain a nonzero amplitude
the second condition implies that whenevey, @,) is in the

set, then {4, gy is also in the set, and both have the same

4. Free Energy

The next step is to write down the free energy of the auxiliary
bulk system in terms of its composition profil. Since we
are in the weak segregation regime, the free energy may be
expanded in powers of the composition profile. It can be shown

amplitude, but opposite phases. We stress that the symmetrythat in the generic case, the terms until the fourth order have

conditions expressed by eq 9 are imposed on the prifilef
the auxiliary bulk system, not on the profijeof the film, which

the same order of magnitude, while the higher order terms are
negligible. This leads to the following approximation to the frC(?BV
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energy of the auxiliary bulk system (we did not yet include a copolymers, triblock copolymers, and multiblock copolymers,
term accounting for the preference of the plates for one of the though the mapping of the rescaled parameters (to be introduced

monomer types):
_1 ©)
F= WZ(FQ - 2)() lPQIP,Q +
1 ®
3!szrQ1’Q2'Q3 IPQ;[IIIQZIPQS +
1 @
4!V32FQ1'Q2’Q3’Q4 Wo,Wo,Wo W, (11)

The interaction between A monomers and B monomers has

been taken into account in the usual way by means of the Flory
Hugginsy-parameter. If the composition profile is periodic, the
Fourier transformPq is only nonzero on a discrete lattice, called
the reciprocal lattice. In the weak segregation regime, the
spacing of this lattice is given by the positignof the minimum

of the second-order vertex functidif?. The lattice vectors
having lengthqp, forming what is called the first harmonics

sphere, attain a much larger amplitude than the vectors of the
higher harmonics spheres. For this reason the latter are usually

neglected. In this so-called first harmonics approximation all

vectors appearing in the summations of eq 11 have the same

lengthqo. Since, if the plates have a preference for one of the
monomer types over the other, there will always be a Fourier
vector oriented perpendicularly to the film, it follows from
eq 9 that, strictly speaking, the first harmonics approximation
cannot be implemented if the film thickness is not a multiple
of half the bulk periodicity. Nevertheless, if the film thickness
is close to a multiple of the bulk periodicity, as is assumed
throughout this paper, the perpendicular vectors will have a
length which is close ta), and all vectors appearing in eq 11

have more or less the same length (it should be noted, however, V

that even if the film thickness is a multiple of the bulk peri-
odicity, many structures may still not fit due to the incompat-
ibility of the z-component of one of its oblique Fourier vectors;
see the last condition in eq 9). This property can be used to
simplify eq 11. The third and fourth order vertexe§) and

I'® depend only weakly on the angles between their arguments,

shortly) to the physical parameters such as composition and
temperature will be different for the different architectures. This
is not necessarily a weak point; in fact, it shows that to a first
approximation the phase diagrams of these systems can be made
to coincide by a proper choice of the origin and the scale.

The free energy density of the film can be obtained from
that of the auxiliary bulk system by adding a terBates
accounting for the interaction of the monomers with the plates
(see also eq 2). Note that we are talking about the weak
interaction related to the preference of the plates for one of the
monomer types over the other, not the excluded volume
interaction. Under the assumption that this weak part of the
monomer-plate interaction is pairwise additive and short-range
(the range should be much smaller than the radius of gyration
of the blocks), the corresponding contribution to the free energy
coming from one of the plates will be linear in the A monomer
fraction near this plate, averaged over its 2-dimensional surface.
Therefore, we have for some constéigt

Eplates= —hOEII(x, Y, O)Q,y - hOEIJ(x, Y, d) Q,y

We will not attempt to expreshky in terms of more basic
guantities, but take it as a phenomenological parameter. Its value
has to be small in order for the weak segregation expansion to
be valid. The precise meaning of “small” is that the valuéiof

to be defined by eqs 17 and 26, has to be small compared to
unity. Adding the various terms together we obtain the following
expression for the free energy:

AF

(14)

1 €
=_ (2) _ __
. Z Ty 27) Xo X_q 6% Xo, %0, %0, T

2—14% X0, %, %, %Xq, ~ thO 2% (19)

whereQ; fori = 1, 2, 3, 4 represents a lattice vector, and the
summations are restricted to sets of lattice vectors whose sum

and they may be approximated by angle-independent constantsequals zero. The star in the last summation indicates that it is

as follows:

@ _

Fopopo, —#

To0p000, ) — 4 (12)
The constanta andA will depend on the compositioin For

the second-order vertex this approximation would be too crude,

because although the length of all Fourier vectors will be close

to gp in the regime under study, the relative change in the value

of the second-order vertex is large if we change the length of

the g-vector even slightly, becaud&?(q) is close to zero for

g = qo (whereq denotes the length of the vecgy. Neverthe-

less, it is not necessary to take into account thegfdiépendence

of the second-order vertex; it will be sufficient to make a

guadratic approximation around its minimwps= qo, as follows:

g — 2 ~c(d—g)° — 7 (13)

The parameter represents the distance to the spinodal, and

it is a function both of¢ and off. The approximations given by

egs 12 and 13 have as an effect that details of the molecular
architecture are lost. For instance, with these approximations

we are not able anymore to make a distinction between diblock

restricted to lattice vectors which are perpendicular to the film,
and whose length satisfies eq 6 for even valuek.ofThe
variablesxq are rescaled amplitudes defined by (see eq 7 for
the (implicit) definition of Ag)

xQ
=— (16)
=T
The constanh is defined in terms ofy (see eq 14) by
hovZ
h= a7)
I-O

whereLo = 27/qp is the natural periodicity. The parameteis

a measure for the preference of the plates for the monomers of
type A (if h > 0) or B (if h < 0). Note that in the last term of

eq 11 the division byl is needed in order to arrive at the free
energy density, since the volume of the film is proportional to
d. The parameter appearing in eq 15 has been defined in such
a way that it is positive if the A monomers are in the minority.

It is given by (see eq 12)

€=— (18)

Ccbv

S



6214 Angerman et al. Macromolecules, Vol. 39, No. 18, 2006

The parameter vanishes fof = 0.5, and close to the critical
point its dependence on the compositfaand the chain length u u
N may be approximated by

ex—fi-3) (19) v
\/N 2 lamellar lamellar
parallel perpendicular
whereK is a constant. Figure 1. Fourier vectors and amplitudes: lamellar structures.
5. Microstructures in Thin Films that relations of the fornxig; = 0 stay valid) will not increase

the free energy. It is important to keep the length of the Fourier
vectors constant, because an extension or compression of these
vectors is associated with a free energy cost coming from the
second order vertex. Only the Fourier vector which is perpen-
dicular to the film has to be extended or compressed in order
to keep the structure commensurable (condition 3 of eq 9). We
' calculate the free energy of the resulting distorted structure,
adding a term to account for the plate preference. We repeat
this procedure for various bulk structures, and compare their

We have remarked in section 2 thathf= 0, then in the
weak segregation regime the free energy density of a film equals
the free energy density of the bulk system whose structure is
obtained by repeated reflection of the film in the interfaces.
Suppose that for a given film thickness there exists a film
structure which would, upon repeated reflection in its interfaces
lead to the equilibrium bulk structure. It follows that this film
structure would minimize the film free energy. Such a film
structure has to be a slice of the equilibrium bulk structure, but free energies.
the opposite is not true: not every slice of the equilibrium bulk h hf ic s f i
structure whose thickness coincides with the film thickness We have to search for symmetric slices of small integer

would lead back to the equilibrium bulk structure upon repeated tElcknessnl(from S_oyv on_vvgnvylll m$ﬁ§ure Ienrg];t_hsfm .llj.n'ts gf
reflection in its interfaces. For a given film thicknedssuch the natural periodicitio = 2r/). This search is facilitate

slices may not even exist, depending on the periodicitand ?y cofn5|der|fng the_bg_lk s;ruciures_ in F(I)urler space. Thed!:ounter
the symmetry of the equilibrium bulk structure. There is no ransform of a periodic structure 1 only nonzero on a discrete

general rule involving the periodicity; for instance, the condition set of Fourler vectors, which IS called the remprocal. I_attlce. In
d = KLo for some positive integek, is neither necessary nor a previous section, we have given a symmetry condition on the

sufficient. The fact that this condition is not sufficient becomes reciprocal Iat_tice in order for t.he associat_ed_structgre to have a
clear if we consider the gyroid structure. Its weak segregation symmetnc_sllce whose Iower_n_1terf_ace commdes V\.”th. the plane
Fourier transform contains 12 plane waves pointing into various z= 0. This §ymmetryﬁcondmon Is that ifcf, 92) Is in the
directions, so that in any direction the gyroid structure is either reciprocal lattice, then@, dz). (G, — a2, and (-G, —qg) must
nonperiodic (but nonconstant), or it has a period which is larger also be in the lattice. In_ addition, tl_za:ompongnt of_any wave
than twice the natural periodicity. It follows that there is no vector must be a multiple of/d. Since the film thickness is
symmetric slice whose thickness equals the natural periodicity. given byd = nlo, whergLo n Z”/qo’ thez. -components must
The fact that the above-mentioned condition is not necessarybe multiples ofgy/2n. For instance, if the slice has unit thickness,
becomes clear if we consider the lamellar structure. For agiventhere only three_ allowed values for the anglebetween the
periodicity, any slice which is cut perpendicular to the lamellae VECtor and the film, namely. = 0, o = /6, anda. = /2.
would lead back to the same lamellar structure upon repeated We will search for symmetric slices in the lamellar structure,
reflection in the plates, irrespective of the thickness of the slice. the hexagonal structure, the bcc structure, and the fcc structure,
To avoid cumbersome formulations, we will say that a slice Which comes down to finding orientations of their respective
of a bulk structure is “symmetric” if it leads back to the same remproca}l Iat'Flces §at|sfy|ng the above-deflneq conditions. If a
bulk structure upon repeated reflection in its interfaces. Using SYMMetric orientation does not have perpendicular vectors, we
this terminology, we can summarize the above by saying that will have to add them !oy hand, because such vectors will always
if the equilibrium bulk structure allows for a symmetric slice Nave & nonzero amplitude if the plates prefer one of the mono-
having thicknessl, then the equilibrium film structure fdr = mer types over the other.
0 is given by the structure inside the slice. In this form the ~ We first consider the lamellar structure. In the first harmonics
principle is not very powerful, not only because its applicability approximation, its Fourier transform consists of one pair of
is restricted to the cage= 0, but also because symmetric slices Opposite vectors. There are only two ways of satisfying the
exist only for a discrete set of film thicknesses. However, it Symmetry conditions formulated above: the vectors should be
does suggest a way to search for the equilibrium film structure €ither perpendicular, or parallel to the film; see Figure 1.
in the more general situation. The idea is as follows. First we  Note that in the latter case, we have added by hand a set of
choose a bulk structure, and we try to find a symmetric slice perpendicular vectors. In real space, the first Fourier transform
whose thickness is close to the film thickness. We compress orcorresponds to lamellae which are oriented parallel to the plates,
expand the bulk structure in the direction perpendicular to the while the second Fourier transform corresponds to lamellae
slice until the thickness of the slice coincides with that of the which are oriented perpendicular to the plates. The perpendicular
film. At the same time we may also compress or expand the Fourier vectors make it possible that the lamellae have a
structure in some direction(s) parallel to the film in order to different thickness near the plates as compared to near the
reset the lengths of the oblique Fourier vectors back to their midplane. Figure 2 shows a cross section of the parallel
natural valuey. In Fourier space, the distortion of the structure structure, while Figure 3 shows a cross section of the perpen-
is, therefore, due to a rotation of the Fourier vectors, rather thandicular structure, both for the case= 1. Figure 4 shows a
due to a compression or an extension. Since it is assumed hereross section of the perpendicular structure for the case2.
that the third and fourth order vertexes do not depend on the Note that there is a thickening of the minority phase near the
angle between their arguments, distortions of the structure whichmidplane, which is due to the natural periodicity of the block
are due to rotations of the Fourier vectors (while making sure copolymer. CDV
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. . . Figure 9. The bcc top viewn = 1.
Next we consider the structure which consists of hexagonally 9 P 4

packed parallel cylinders. In the first harmonics approximation
its Fourier transform is a set of six coplanar vectors of lemgth
making angles of 60with each other. There are three ways of
orienting the vectors with respect to the film such that the sym-
metry conditions are satisfied, which are illustrated in Figure 5.
The first possibility is to orient all six vectors parallel to the
film, in which case we need an additional set of perpendicular
vectors. In real space, this corresponds to hexagonally packe
cylinders oriented perpendicular to the plates. Because of the™ = ~° . . A
perpendicular Fourier vectors, the cylinders will have a different orienting the cylinders is never stable, which is in accordance

: : T
thickness near the plates as compared to near the midplane (se‘é’Ith expenment_al findings: o
Figure 6). Now we consider the bcc structure. Apart from trivial rota-

The second possibility is to orient two of the six vectors tionsaround a perpendicular axis, there are only two possiblities
perpendicular to the film. Since trecomponents of the four O orientthe Fourier vectors such that the symmetry requirements
oblique vectors are-qy/2, this structure will fit without distor- ~ are satisfied (see Figure 8). - _
tion in any film whose thickness is a multiple of the natural ~ The first possibility is to orient one Fourier vector perpen-
periodicity Lo. In real space it corresponds to the cylinders lying dicular to the film. All oblique vectors have zcomponent

' to add a set of perpendicular vectors to account for the plate
interaction. Thez-components of the oblique vectors are equal
to +/3/2 in units ofqo, and since this is an irrational number,
the structure will not fit in any film of integer thickness.rfis
large enough, it can be made to fit by just a slight distortion,
but the corresponding free energy will always be higher than
hat of the perpendicular orientation, since both structures have
he same terms in the free energy. It follows that this way of

parallel to the film, and a cross section for the case 1 is which is equal tayy/2, and the structure fits without distortion
given by Figure 7. If the film thickness is not a multiple lof; in any film of integer thickness.

the oblique vectors have to be rotated while their length stays Figure 9 shows what this structure looks like in real space in
the same. a film of unit thickness. If the film thickness is slightly increased

The third way to orient the structure is obtained if we rotate from integer value, the oblique vectors have to be turned slightly
the previous (parallel) structure over an angle of,3® that toward the horizontal orientation in order for theicomponent
two Fourier vectors become parallel to the film. We will have to remain commensurate with the film thickness. At the s%ev
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time, the angle between two oblique vectors whose sum equals The parameter has been defined in eq 19 and is given by
one of the horizontal vectors must be increased. Since we ignore

the angle dependence of the vertexes, these distortions do not

complicate the calculations. The length of the Fourier vectors
is kept constant afj. In the second way to orient the Fourier
vectors, none of them is perpendicular to the film, and per-

pendicular vectors have to be added in order to account for the

plate interaction. The-component of the oblique vectors equals
qo/«/ﬁ, and sincev'2 is irrational, the structure will not fit
without distortion in any film of integer thickness. This means
that for small values ofi this structure would have a high free
energy and may be ignored, but for large values @fwould

have to be taken into account, since the degree of distortion

needed to make it fit would be small. In fact, it can be argued
that it will become stable in thick films if the plates have a

—7=T%qy) — 2 (22)

while 7 is defined by

— 7 =T®(qyD) — 2 (23)

By making use of the fact thd is close to unity, we can
simplify the free energy expressions of eq 21, reducing the
number of parameters from four (namefyy, h, andD), to
three. First we relaté to r by combining eq 13 with eq 23:

—%=c002(%)2—r~c002(D—1)2—r (24)

preference for the majority component. Nevertheless, for reasonsyhere we have only kept the leading order term in+(ID),

expounded before, we restrict ourselves to small valuag of

which is justified by our assumption thBtis close to unity. In

so that we may neglect the second orientation of the bcc the same approximation, the fac@may be omitted from the

structure.

There is also a film structure which is derived from the bulk
fcc structure. We took it into account in our calculations, but
since it is nowhere stable, we will refrain from discussing it

any further. Finally we considered the gyroid structure. Because

of its large number of Fourier vectors pointing into various
directions, it does not fit inside thin films (i.en, small), and

can only be embedded in thick films. Since we restrict ourselves
id N D). Nextwe rescale the parameter$, andD — 1 by some

to small values of, we do not need to consider the gyroi
structure.

6. Rescaled Parameters

Using the results of the previous section, we can write down

linear term describing the interaction between the A monomers
and the plates; that is, in eq 21 we may make the substitution

2hu__ 2hu

nD n (25)

As a first step in the reduction of the number of parameters,
we replace the original setx, h, D) by the equivalent set(r,

appropriate power of and arrive thus at the new parameters
A, T, andH:

expressions for the free energy of the various structures. These

expressions will not only depend on the symmetry of the

structure and the amplitudes of the Fourier vectors, but also on
the degree of distortion (compression or stretching), which can

be quantified by the dimensionless param®edefined by

h_d

L,

where the integen is fixed by the requirement thatl, is as
close as possible td. The structure is compressedDf < 1,

and stretched iD > 1. Since we consider films whose thickness
is close to a multiple of the natural periodicity, we hdve- 1.

We are now in a position to write down the expressions for the
free energy of the various structures in terms of the Fourier
amplitudes defined by Figures 1, 5, and 8. The result is

(20)

Ae _ 1,4_ 2
VFIm +4 nD
A _ Loalay g 2hu
VFS‘“ - = +4u +4 + U nD
A _ 3 41922 2hu
VFhem — 7% — 2007 — 2eur? +4u +2 +2u% oD
A _ _ 4 154 22 2hLI
VFh% —7°—300%— 2¢0° +4u+4 + 3u’ )
& Fpe= — TP — 10 — 41w’ — deun? — deol + U
\—/Fbcc——tu — " — 4w — 4euw — 4ev) +Zu +
1 4 4 2hu
70w + u? +4u2vvz+4z;2vvz+4uuvvz——(21)

a=veqP=H 1=5 Hp=n (20
lel € €
We also rescale the amplitudes
u—eu v—Eer W ew (27)
and the free energy
F— ijF (28)

Substitution of eqs 26, 27, and 28 into eq 21 leads to

Fm= (A7 = T + 5 it - 2
=(Az—'I’)uz—Tvz-i-%lull-l-u21/2-|-%1v4—2ﬂj
(A2 __ 2 3 4 2HU
Fhex =(A"=T)u 2T — 2u’ + 4u 4+ 2uPy 2 o
(A2 TP_aT2_ o3, a2 2 154 2HU
Fhex, = (A" =T)u"—3Tv"—2v —I—4u +3u™ + i

Foee= (A= T)U* = To? — 4T/ — duw? — 4u\/\/2+:11u4+

%11/1 + 9w + u%? + AW + AW + duow? — zin“ (29)

From the fact that the (small) parameterg, h, andD — 1
appear only in the combinatioi$H, andA, it can be concluded
that the relevant values for these parameters satisfy the scaling
h~ ¢

T~ (D—-1~e (30)

We note that although the original parametérs Q0.5), ¢/ —
xo), (D — 1), andh all have to be small in order for the theoe/DV
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Figure 10. Slice through hexagonal phase violating symmetry condi-

tions. Figure 11. Phase diagram foH = — 0.80. Key: 11= lamellar

parallel, 12= lamellar perpendicular, 2%+ hexagonal parallel, 22
hexagonal perpendicular, and=3bcc.
to be valid, expression 29 is valid for any values of the
parameters\, T, andH. This can be understood by realizing
that we went from four independent parameters to three. There
must be a fourth independent parameter in additior\ tdr, T
and H, say X, on which the free energy depends in a trivial
manner, so that the ratio of any two free energies does not
depend orX. This parameteK is a measure for the distance to 12
the critical point; therefore, it must be small in the weak
segregation regime. The remaining three parameters describe 11
the position on the three-dimensional hypersurface defined by
the condition thatX is constant. Varying these parameters
between zero and infinity only changes the position on this 22
hypersurface, without bringing us further away from the critical
point. It follows that in the phase diagrams to be presented in
the next section, wheraA is placed along the horizontal axis ol
andT along the vertical axis, any region in the phase diagram 11
is meaningful in the weak segregation regime, not just the region ' ' '

L 0 0.5 1 1.5
near the origin. A

Figure 12. Phase diagram foH = — 0.40. Key: 11= lamellar
parallel, 12= lamellar perpendicular, 2% hexagonal parallel, 22
We will present our results in the form of phase diagrams. hexagonal perpendicular, and=3bcc.

Along the horizontal axis we puk ~ |D — 1J|/|¢|, and along

the vertical axis we pul = 7/e. Since there is a third parameter,  unit thickness. We see that on increasing the parariietehich
namelyH = h/e3, we need to calculate a series of such phase is a measure for the AB-repulsion, the order in which the phases
diagrams, for ianeaSing values Bf From the definitions of appear is given by homogeneeﬂmc—hexagona-Hame"ar,

the parametera, T, andH we see that the phase diagram does which is in accordance with well-known resuttst the film

not change if we flip simultaneously the signseadndh. This thickness is not an integer, so th&at> 0, the lamellae and the

is due to the fact that if we exchange A and B in the copoly- cylinders are oriented perpendicular to the film, and the free
mer molecules, and at the same time reverse the plate preferenergy of the corresponding structures is independent of the
ence, the equilibrium structure is simply inverted according to fijlm thickness. This explains why the phase boundary separating
W — — W, keeping the same symmetry and amplitude. There- them is a straight horizontal line. The free energy of the three-

7. Results and Discussion

fore, the phase diagrams fbfr > 0 describe both the situation
where theA -monomers are in the minoritye (> 0) and the

plates prefer the A monomerk ¢ 0), and the situation where
the B monomers are in the minority € 0) and the plates prefer
the B monomersh( < 0). To avoid cumbersome formulations,

dimensional bcc structure, on the other hand, increases if the
film thickness deviates from being an integer, because it will
be compressed or stretched. This is the reason the bcc structure
disappears upon moving to the right in the phase diagram.
Next consider the phase diagrams for positive valued.of

in our discussions we will always assume that the A monomers we see that, close to the liné = 0, the lamellae and the

are in the minority.
The results are shown in Figures-120. We will start with

cylinders have a parallel orientation. The reason is that in this
way the film can profit optimally from the preference of the

the simplest caskl = 0 (Figure 15), where the plates have no plates for the monomers of type A (remember that without
preference for either monomer type. If the film thickness is an affecting the generality we will assume that the A monomers

integer, corresponding t = 0, the phase behavior is identical

are in the minority). It is for this reason that the border between

to that of a bulk system, because the weak segregation bulkthe parallel and the perpendicular phases shifts to the right if

equilibrium structures all fit without distortion inside a film of

is increased. Although the perpendicular hexagonal stru%LB%
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Figure 13. Phase diagram foH = — 0.20. Key: 11= lamellar

parallel, 12= lamellar perpendicular, 2% hexagonal parallel, 22
hexagonal perpendicular, and=3bcc.
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Figure 14. Phase diagram foH = — 0.05. Key: 11= lamellar

parallel, 12= lamellar perpendicular, 2% hexagonal parallel, 22
hexagonal perpendicular, and=3bcc.

H=20

Figure 15. Phase diagram fad = 0. Key: 0= homogeneous, £
lamellar, 2= hexagonal, and 3= bcc.
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Figure 16. Phase diagram fdd = 0.05. Key: 11= lamellar parallel,
12 = lamellar perpendicular, 2% hexagonal parallel, 22 hexagonal
perpendicular, and 3 bcc.
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Figure 17. Phase diagram fdd = 0.1. Key: 11= lamellar parallel,
12 = lamellar perpendicular, 2& hexagonal parallel, 22 hexagonal
perpendicular, and 3 bcc.

couple favorably to the other Fourier vectors via the (negative)
third-order term. The stability of the parallel lamellar structure
over the perpendicular lamellar structure for small valueA of
can also be explained by the positive fourth order contribution
to the free energy in the latter coming from the coupling between
the parallel and the perpendicular Fourier vectors. The stronger
the plate preferencél, the more the parallel structures are
favored over the perpendicular structures. More generally, the
shifts in the phase boundaries for increasing value can be
accounted for by differences in the amplitude of the perpen-
dicular Fourier mode. The structure with the largest amplitude
will profit most from an increase in the value bf (note that
the amplitude may be negative).

Next we consider the phase diagram fér< 0. The most
striking feature is the total absence of the parallel hexagonal
phase. This is due to the fact thaHf< 0, the third-order term

also has a set of perpendicular Fourier vectors which couple toand the first-order term of the free energy have opposite signs,
the plates (see Figure 5), these vectors couple to the otherand compete with each other (see eq 29). In case the minority
Fourier vectors only via the (positive) fourth order term, while component forms the cylinders while the majority component

the perpendicular vectors of the parallel hexagonal structure forms the matrix, the third-order term is negative, but there &IBV



Macromolecules, Vol. 39, No. 18, 2006

H=10.2

T T T

12

22

11
| | |

0 0.5 1 1.5
A

Figure 18. Phase diagram fdid = 0.20. Key: 11= lamellar parallel,
12 = lamellar perpendicular, 2% hexagonal parallel, 22 hexagonal
perpendicular, and 3 bcc.
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Figure 19. Phase diagram fdi = 0.40. Key: 11= lamellar parallel,

12 = lamellar perpendicular, 2% hexagonal parallel, 22 hexagonal
perpendicular, and & bcc.
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Figure 20. Phase diagram fdid = 0.80. Key: 11= lamellar parallel,
12 = lamellar perpendicular, 2& hexagonal parallel, 22 hexagonal
perpendicular, and & bcc.
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frustration the parallel phase is nowhere stableHor 0. One
might think that it should be possible to cut a slice out of the
hexagonal bulk structure such that the cylinders are in the middle
of the film, so that the material making up the matrix is in excess
near the plates, preventing the frustration between the first- and
the third-order terms of the free energy expansion. However, it
appears that any slice of integer thickness having the cylinders
in the middle violates the symmetry conditions; see, for instance,
the failed attempt illustrated by Figure 10.

The disappearance of the bcc structure for negative values
of H can be accounted for by the same mechanism. It should
however be noted that for large valueswthe alternative way
of cutting a slice out of the bcc structure, as illustrated by the
second picture of Figure 9, would lead to a lower free energy,
so that the corresponding bcc2 structure might remain stable
even for negative values &f. Finally we remark that for any
point (A,x) in the phase diagram, the parallel lamellar structure
becomes stable once the absolute valuéla$ large enough.

Quantitative comparison with experimental work or earlier
theoretical work is not well possible, but some of the qualitative
aspects of our phase diagrams are in accordance with earlier
findings. In ref 20, it was remarked that if the surface potential
H increases, the parallel structures are favored over the per-
pendicular structures, which is confirmed by our series of phase
diagrams. The reason can be found in the fact that in the parallel
structures, the excess of the minority component at the plates
is larger than in the perpendicular ones, while the minority
component is favored by the plates for posithe

In ref 19, it was observed that the lamellar structure gains
stability over the hexagonal structure if the surface potential
increases, which is also apparent from our series of phase
diagrams.

In ref 17, a symmetric diblock copolymer trapped between
two parallel plates was investigated using both self-consistent
field theory, and Monte Carlo simulations. It was found that in
thick films, the lamellae are always oriented parallel to the
plates, while for thin films there are transitions between parallel
and perpendicular orientations. Strictly speaking, our phase
diagrams are not valid for symmetric copolymers, since we have
rescaled our parameters with powers .dDf course, the analysis
would be easier for symmetric copolymers, and one could
represent their phase behavior by a single diagram in which
7/n?3is plotted vgD — 1|/h'/3, However, it is possible to under-
stand the occurrence of periodic transitions between parallel and
perpendicular orientations of the lamellar structure on the basis
of our phase diagrams. Suppose that for a given copolymer we
slowly increase the film thickness, starting from unity. What
will be the corresponding path in our phase diagrams? For unit
film thickness we are somewhere on the vertical axis, and we
move to the right if the film thickness is increased. However,
if we increase the film thickness further, at a certain moment
the number of periods fitting inside the film will increase
jumpwise (either two 1.5, or to 2), with as a result that suddenly
the structure is compressed rather than stretched. Increasing the
film thickness further wil now lead to a decrease of the
parameteD (see the previous section), so that we start moving
to the left in the phase diagram, until we hit the vertical axis
once again. It follows that if we keep increasing the film

be an excess of the minority component near the plates, whichthickness, we will periodically move to the right and to the left.
is unfavorable foH < 0. If, on the other hand, the structure is  The turning point at the left will always lie on the vertical axis,
inverted so that the majority component forms the cylinders but the turning point at the right will move to the left for thicker

while the minority component forms the matrix, the former will

films, because the degree of frustration in thick films cannot

be in excess near the plates, which is favorable, but the price tobe very large. Therefore, for thick films the amplitude of the
be payed is a positive third-order contribution. Because of this periodic motion in the phase diagram is so small that the p&zﬁ\e/
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boundary between the parallel phase and the perpendicular phase(8) Fasolka, M.; Banerjee, P.; Mayes, Macromolecule00Q 33, 5702.
is never reached, so that the system stays permanently in the (9) Rehse, N.; et aPhys. Re. Lett. 2001, 87, 035505.

. . : (10) Lee, B.; et alMacromolecule2005 38, 4311.
parallel phase. For thinner films, however, there might be (11) Lambooy, P.; et aPhys. Re. Lett. 1994 72, 2899.

periodic transitions between the two phases upon increasing the(lz) Grim, P.; Nyrkova, I.; G. Semenov, A. N.; Ten Brinke; Hadziioannou,
film thickness. We conclude that our results are in agreement G. Macromolecules1995 28, 7501.
with the results of ref 17. (13) Walton, D.; et alMacromolecules1994 27, 6225.

(14) Matsen, MJ. Chem. Phys1997, 106, 7781.
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