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Morphology of symmetric block copolymer in a cylindrical pore
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The influence of confinement on morphology formation in copolymer systems is an important area
of interest in theoretical research. We apply dynamic density functional theory to investigate the
effect of pores on the morphology formation in a symmetric diblock copolymer system. The pore is
represented by a perfect cylindrical tube. Porous systems are important in biology and are gaining
interest for applications in nanotechnology. We show that for the pore sizes under investigation two
equilibrium morphologies are possible depending on the surface interaction: a perpendicular or slab
morphology and a parallel or multiwall tube morphology. The latter is referred to in the article as
dartboard morphology. In the dynamic pathway towards this morphology an intermediate metastable
helical phase is found. An important observation is that, for a wide range of pore radii and variations
of polymer chain length, no mixed parallel/perpendicular morphologies were found: All observed
morphologies are insensitive to the pore diameter. 2@1 American Institute of Physics.
[DOI: 10.1063/1.1403437

Polymeric materials, such as block copolymers, show aylindrical) phases? Does one also observe alternating orien-
surprisingly rich phase behavior in the mesoscopic domaintations of the bulk morphologies in this case?
Although the building blocks are simple, morphologies range  The most reasonable geometry to be considered is a
from simple lamellar and hexagonal to complex bicontinuouspore. In nature, fluidgwater, oi) are often in contact with
and cubic phases and even mixed phases. The morphologipsrous solids. Examples can be found in porous materials in
are inherent to the topologies of the “building block”; for plants (watey and porous inorganic material under the
instance, the ratio of the blocks in the multiblock copolymer.ground (oil and gag. Nanopores are also used in some in-
The equilibrium morphologies may in some cases be calcudustrial processes for filtration. An appealing new applica-
lated theoretically, but in many cases morphologies in ex- tion is the use of microtubes for application in nanoscopic
periments are defect-rich and are frozen in at quasiequilibdevices. These microtubes are the result of phase separation
rium states (local minima of the free energy As a in block copolymer systems with hexagonal equilibrium
consequence, morphologies resulting from experiments destructures, where the necessary well-ordered arrays in the
pend heavily on the dynamic pathways. The emphasis imanoscopic domain in block copolymer systems can be ob-
comparing theoretical and experimental results should thereained by shearirftf or by the application of an orienting
fore be on a dynamic theory that includes modulation mechaelectric field® The idea is to replace the tube component,
nisms, such as externally applied fielgshea electric  after the equilibration and reorientation, by conducting ma-
fields) and confinement effects. terial while keeping the matrix material inert. Conducting

The understanding of the phase behavior of block codiblock copolymer melts could be used to get structures
polymers in confined systems such as thin films is subject ofvithin the microtubes and well-defined and stable structures
many theoreticalfor instance, by using self-consistent field when the matrix material is eventually removed. The phase
(SCPH theory’] and experimental studigg.g., Ref. 4 Mat-  separation process within the tubes is therefore essential and
sen’s theoretical work for symmetric diblocks confined inis known to depend on the interaction with the matrix mate-
thin films has been complemented recently by SCF simularial. A dartboard structure, with conducting—isolating repeti-
tions for asymmetric diblocRghat form cylinders in bulk. It tion of layers, is most desirable and stable. Validation of
was shown that, just as in the case of symmetric diblocksimulation results for nanostructures by experimental obser-
copolymer films, parallel layers of cylinders are most fre-vations is an important issue. For general porous geometries,
quent. In the case of frustratioffilm thicknesses that are an extensive overview of experimental and simulation results
incompatible with the periodicity of the structyrerthogonal is given in Ref. 9. The systems discussed in this review ar-
structures are formed. An interesting finding is that the mordticle are simple fluids and binary mixtures, confined in
phologies are not restricted to the bulk morphology: Dependsimple (homogeneoysand complex(heterogeneouspore
ing on the confinement and surface interactions we findyjeometries. The heterogeneity manifests itself in factors such
lamellar and catenoid morphologies. as interpore correlation effects, surface chemical heterogene-

The experience with these simulations leads to a veryty, variations and roughness in pore geometry, and network-
straightforward and relevant question: What happens if onéng of pores. Often these pores are connected to bulk reser-
frustrates the formation of the most comm@amellar or  voirs of the pore filling materials, implying special boundary
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conditions. In our case, the experimental reference materials B .
are well-tailored, very regular packed cylindrical domains.
We consider phase separation of an almost incompressible 20

melt of block copolymers inside one of these cylinders with

periodic boundary conditions at the open sides. Phase sepa- s

ration of a block copolymer system implicitly sets the length cooees .
scales for the microdomains and is in this sense much differ- e
ent from phase separation in binary liquids. We may con- 10 s
clude that this setup, although being rather specific, gives .
rise to a new generation of experiments. D

Quite recently, a Monte Carlo simulation technique was
adapted for this kind of geomeﬁ'?/As in our simulations, a FIG. 1. Phase diagram for th&B; diblock morphologies as a function of

. - - - . ;. pore diameteR (vertical axig and effective interactiod (horizontal axi.
symmetric diblock copolymer system in a cyllndrlcal poreis Circles denote the points in the phase diagram that have been simulated.

considered. Although the three—dimensio(@lD) results of  open circles represent slab geometries: closed circles dartboard geometries.
the two methods overlap, the wider range of the parameter

space considered here provides a better insight in the effect

of boundary interactions on the morphologies and also al|'deal chains subject to an external potential figld(with ®

lows to analyze the kinetics of the phase separation Procesg;e partition function for ideal chainsthe third and fourth

We will compare the results of the two methods in MOr€orms for the cohesive bead—bead and bead—wall interac-

detall in the discussion of the simulation results. In our Cas§ns and the final term for the excluded volume interac-
the diblock copolymers are modeled by/gB; Gaussian tions, with v the bead volume andy the Helfand compress-

cham for different valugs of the chain IengthSmce these ._ibility parameter. Confinement is accounted for in the free
diblocks form lamellae in bulk and perpendicular lamellae menergy by the fourth terrfand 6y (r)= vpy(r) is nonzero
neutral slits(see the discussion in Ref),5ve expect frustra- (=1) only in the solid objectsand the boundary condition
tion of this morphology in the middle of the pore. As in the for the dynamic equations-V =0, with n the normal
numerical experiments for confined thin filmghe important ointing into the solid objec"tz. In C(’)ntrast to traditional

Egran;etersa atrr? theﬁdetgree offconfm(imen:: €., ihe Opore rg(':hemes of polymer phase separation dynamics where a Lan-
IUS i, an e effective surface interactiodzg=(€a dau Hamiltonian is used with vertex functions calculated fol-

0 0 ;
—epw)/ VKT, wheree, denotes the scalar interactfdrof lowin .

. . . : g the random phase approximatitsee, e.g., Ref.)6

beadl with the pore boundary. Since the diblock is symmet-, numerically calculate the “exact” free energyof poly-

ric, we make use of reciprocity and restrict ourselves to vali, o sy stem consisting of Gaussian chains in mean field en-
ues of¢=0. V\ée Iuse 3|.mulat|0ns W'fth S,CF thgéZyo €oN- vironment using path integral formalist'* Our approach
struct a mc;rp c;]ogy d_',agr%m asa %nCt'an) nl &ASIL seq essentially the same free energy functional as in SCF
turns out, for the radil under consideration only tWo mOr- . jations of equilibrium block copolymer morphologies
phologies are possible: a slab and a dartboard morpholog}sy Matsen and Schi¢R and Drolet and Fredricksai, but
Finally we will consider the dynamic pathway towards the ., 516 ments the static SCF calculations by providing a dy-

slab morphology in_great detail. . . . namical picture of the system, which is crucial for the evo-
The time evolution of the density fielgl(r) is described lution of system in an external field&:1®

by a time-dependent Landau-Ginzburg-type equation with @ \ya have performed simulations for a symmetric diblock
stochastic termy, (Refs. 13 and 14 copolymer system. The chain architecture was chosen as

S AgBg. We have used this system in many earlier simulations
pi=M\V.p,V 5—p|+ 7, (1 and therefore the relevant parameters can be found in
Ref. 12.
whereM, is a mobility parameter antlis a component in- The equilibrium structure for this diblock system is
dex. The free energy for a collection nfGaussian chains is |amellar. Figure 1 shows the phase diagram for the diblock
given by*? system. Due to the symmetry only positive valueséare
o" considered. In the dartboard part, equilibrium morphologies
F=—kTInn—|—Z fVU|(r)p|(r)dl’ were reached at a much earlier stage than the slab(yart

=2000 toy= 7000, withy=t/At). The value ofAt is cho-
1 sen equal for all simulations, such thatcan be directly
~|—§ 2 J f €3(r=r")p,(r)py(r"Hdrdr’ compared. Although the number of calculated points is rela-
I VIV tively small, the relative position of the phase boundaries is
quite obvious.

1
+3 Z J em(r—r")p(r)pu(r’)drdr’ We first study the influence of confinement by consider-
v ing different radiiR for £&=0. One should note tha§=0
1 ) _\2
+5 Ky fv Z Pl(f)—zll Pu) dr. (2)  tions is equal for both specidseutral surface The results
of this exercise are shown in Fig. 2. We note that the final

represents all phase points where the block—surface interac-
The first two terms account for the entropy of a systenm of morphology for all different radii is a slab morphology. The
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dimensions that, when the dartboard strucistép phase in
the notation of that articlas frustrated, a “disordered” state
is obtained. This disordered state is a lamellar state, in which
the global orientation is random, and the lamellae are locally

oriented perpendicular to the wall. The mechanism behind

¥ the formation is stated as “currently underway.” From our
™ simulations we conclude that this “disordered” structure is a
2D artifact: there is not enough freedom to form a perfect
‘ structure. In three dimensions, due to the extra degree of
. freedom, instead the slab morphology is formed.
If we introduce a moderate surface interactigs 1) the
time behavior changes drastically. Dartboard morphologies
FIG. 2. Morphologies at dimensionless titye 10 000 for theB component  are formed at a fast rate, indifferent to the pore radii. In Fig.
of the diblock copolymer melt in a cylindéside view of radius of 8, 14, 4 "\ye show front views of equilibrium morphologies for the
and 24 grid points ang=0. Orthogonal projections are shown of isosur- .. . . .
faces(vpg= 0.4 with v the bead volume The length is in all cases equal to radii under consideration for both blocks. The corresponding
32 grid points. time stages arg=4000 (R=6), y=5000 (R=14), andy
=2000 R=24). The perfect morphologies are formed at
roughly the same time stages-2000, and become more
difference between the three results is in the kinetics: appaprofound at later time stages. From this, we may conclude
ently the system needs more time to equilibrate for largethat the kinetics of the formation is independent of the pore
radii R. radius. One can clearly observe the dartboard structures
Looking at the time behaviaionly shown forR=14 in  (concentric cylindens Since the surface i&-repulsive, theB
Fig. 3 shows us that the equilibrium structure is reached ablock is present at the surface. Again we stress the fact that
y=6000 forR=6 and aty=8000 forR=14. For the largest only the difference in interaction valuéthe effective inter-
radius under consideratioR=24, the slab morphology is action¢) counts. Increasing the effective surface interaction
not yet fully developed ag= 10 000, showing that the kinet- leads to similar dartboard structures, although the layer
ics of slab morphology formation depends greatly on thethickness may vary and the middle layers are somewhat
radius. However, it is obvious that the slab morphology is thecompressed.
equilibrium morphology for these simulations. Challenging In order to find regions of frustration of this morphology,
the morphology ofR=14 with externally applied shez®  we performed simulations for different intermediate pore ra-
(results not shown herdeads to a breaking up of the slabs. dii (andé=1): R=7-13. We observed dartboard morpholo-
However, upon cessation of shear, the slab morphology igies with different alternation of species ringounted from
finally completely recovered. the center B-A-B (R=7-9), A-B-A-B(R=10-12), and
In Ref. 10 the case of neutral walls is only considered inB-A-B-A-B (R=13). All these morphologies were well
two dimensions. With preferential wetting of one of the developed ay=2000 and as expected, tBeblock is always
blocks the dartboard structure is obtained both in two andt the surface. These results are all directly comparable to
three dimensions. For the neutral case it is shown in twdahe multibarrel-layer results of H&Ref. 10 (Fig. 5 in that

article).

FIG. 3. Time developmeriupper left to lower rightof the diblock copoly-
mer morphology in a cylinder of radiu®= 14 grid points. Orthogonal pro-
jections are shown of isosurfacespg=0.4) and for every subsequent 1000 FIG. 4. Parallel projection of isosurfadep,=0.4,1=A or B, front view)
time steps. One can clearly see that the structure “switches” in directionabnd orthoslice of final structures for different radii: 8, 14, and 24 gridpoints.
orientation for going to a stable slab phase. Left, B blocks; right,A blocks.
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FIG. 6. Angle-averaged density profilesd,) for different chain lengths as
a function of radial position. The horizontal axis of Fig. 5 is scaled with
respect to the differenRy [the radial position denotes/(RR;)]. Top: i

=3 (solid), i=4 (dashe¢l andi=16 (dotted. Bottom:i=5 (solid), i=6
(dasheg, andi=8 (dotted.

density

Apparently, the freedom of the system to increase the com-
0.3 pression in the center region and adjust the layer sequence is
such that little frustration is present close to the pore bound-
FIG. 5. Angle-averaged density profilesgd(,) for different chainsA;B, asa  ay-
function of radial positiortherer/R). Top:i=3 (solid) andi =4 (dasheg In order to determine the phase boundary, we simulated
Middle: i=5 (solid), i =6 (dashedl andi=8 (dotted. Bottom:i=16. AgBg for a radiusR=14 and values ofE=0+0.2 for |
€{1,2,3,4. We found that for this radius the phase boundary
should be betwee&=0.4 (slab phaseand £é=0.6 (dartboard
In order to understand the influence of the chain lengthphasé (see also Fig. )l The position of the phase boundary
and the degree of compression and stretching of the chainfyr this radius cannot simply be extrapolated to other radii,
we have also varied the chain length of the diblock. Wedue to the dependence of the dynamics to the radius of the
carried out simulations fofA;B; for i=3-6 and 16 for pore. However, since we are not interested in exact determi-
fixed R=13 and & such thaN= 16 (with N=2i the num-  nation of the phase boundaries for Rl(they depend also on
ber of beadsis fixed. In all cases this leads to fast formation the sizes of the blocks for instanoge do not consider other
of a perfect dartboard morphology, with alternatiAgand  radii.
B-rich layers asA-B-A-B-A-B(i=3 and 4, B-A-B-A-B (i Finally, we consider the dynamic behavior for one phase
=5 and 6, andA-B-A-B (i=16) (again counted from the point in the slab morphology part in more detail. The system
center of the pone In the top part of Fig. 5, we show angle- considered is again th&gBg diblock copolymer melt. The
averaged density profilegp,(r) for the A block, wherer is  particular confinement and interaction parameters &+
the radial position. We observe great similarity between proand R=14. The time behavior discussed here is typical for
files of similar repetitioni=3 and 4(top); i=5, 6, and 8 the development of a slab morphology in three dimensions.
(middle). We also compared the profiles when the radial po4n Fig. 3 we show the time development for this phase point.
sition is scaled byyN~ Ry, where Ry is the root mean From upper left to lower right we show the morphologies
squaredrms) end-to-end length of an unperturbed Gaussiar vp(r)=0.4] for y=100k, k=1,...,10. We observe that
chain, shown in Fig. 6. Here, the compared profiles share thiéhe phase separation process is fairly slow: the initial messy
center species:=3, 4, and 16(uppey andi=5, 6, and 8 morphology aty=1000 turns slowly into a more defined
(lower). It can be seen from these figures that the profile formorphology aty=4000. This phase is a very interesting one:
the center regions is relatively similar for all chain sizes withit resembles a helical phase. It is built up of twisted slabs
similar center species. At the center, the compression is larg&ith winding interconnections just as in a helical structure,
as can be seen from the total dengityhich is higher than apart from the fact that the axis of winding is not precisely in
unity). Further away from the center region the chains are¢he middle of the pore but fluctuates. This phase is not a
relatively less compressed, which can be seen from the fastable one but an intermediate result. Further development
that the behavior is rather independent from the chain lengttdoes not immediately lead to a removal of the defects but

1 i 1 L

radial position
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