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Self-Assembled Morphologies of a Diblock Copolymer Melt Confined
in a Cylindrical Nanopore
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ABSTRACT: We systematically investigate the microdomain morphologies that self-assemble in a diblock
copolymer melt confined to a narrow cylindrical nanopore using real-space self-consistent mean-field theory.
We observe, for a bulk cylinder-forming copolymer, that a variety of novel microdomain structures emerge under
confinement. As the pore diameter increases, the following sequence of stable structures occurs: single cylinder,
stacked disks, single helix, double helix, toresphere, and helixcylinder. We accurately locate the pore diameters
where first-order phase transitions between these morphologies occur. We vary the interaction of the diblock
copolymer with the pore wall from being preferential for the minority block to neutral to being preferential for
the majority block and find that the sequence of structures is unchanged, for these interactions. The pitch angle
of the helices and the pore diameter can be related using a simple geometrical argument. Over the range of pore
diameters we examine, phases involving arrangements of multiple straight cylinders along the pore axis have
significantly higher free energy than the structures mentioned above. Our results are consistent with experiments
and a recent simulated annealing study.

I. Introduction and concentric lamellae are translationally invariant along the
Macromolecular self-assembly has attracted much interest aspore axis and are thus effectively two-dimensional structures.
y In our recent work, we applied self-consistent mean-field theory

an efficient and effective means to create structures at nanometeESCMFT) to systematically evaluate the phase diagram for two-
scales. Potential applications for these structures include Iitho'dimensional structures that form under confinement in relatively

grapr_ltic templa:_testfor nanov:;i_r@es, fphotoni(t: cfrrysials, agd high- wide cylindrical pores# We discovered a rich variety of new
e o tne v STUELIS, g he expermentaly bserved Sraght o
generate n_ovel mesostructures, with potentially novel applica- tlr?gtnscc?:n??)fcﬁlcfvsglzilri‘]rgr?!gni?r:t?l:nc?ﬁygse \?v);pﬁggeﬁ(\)/\gs\\lsizi
g??ns C'rcéggif;ngegtgg??ﬁ fr? (I: (l))IzlrE’etrhrgSe gsmh;;\é?i :gcfcc))rrnrs ;hsgﬁgt'; be unstable to undulat.ions algng the.axial direction that would
of periodic mesostructuredamellae, hexagonally coordinated relax the stress asgomatt_ad W|th_conf|nement_by th? pore walls.
cylinders, body-centered-cubic lattices of spheres, and the gyroid:jr;;i‘;t’gg::Z;Zﬁi’g'H:]eezsé?r;?hrz'r%rgdxgi'2%;2?\'/‘;%'%%/SRE?JZI;‘ZC"I,S

morphology. The ability to tune the period and to control self- ; | h ) 556 Vari
assembly using temperature, chemical composition, and mo-9"°UP N narrower (less than 50 nm diameter) p Various

lecular architecture lend a rich physics to these materials andthree-dimensional mesostructures, including helices and stacked

make them attractive for industrial applicationd Competition ~ toroids, were observed to self-assemble in a sitwarfactant
between the chain stretching energy and the interfacial energycomMposite confined in narrow (less than 100 nm diameter)
between block domains determines which structures form in cYlindrical nanopore®? A SCMFT calculation for a homopoly-

the bulk. Introducing confinement modifies this competition. Mer—diblock copolymer blend that accompanied the sitica
Confinement of diblock copolymers between parallel solid walls, Surfactant experiment supported the existence of such three-
or in a thin film, has been extensively studied.Relative to ~ dimensional structures under confineméht.

this, the effect of confinement in a cylindrical pore on the self- A complete physical picture for these confined three-
assembly process is far less explored and is now attractingdimensional structures, explaining the conditions under which
significant interest. they will appear, the extent of their stability, the transition points

Recent experimental studies by Russell’s group of asymmetric between phases, and their mechanism of formation does not
and symmetric polystyrenepolybutadiene (P$-PBD) diblock yet exist. For example, helical domain structures are also found
copolymers confined to relatively wide (greater than 100 nm in SCMFT calculations of binary blends of symmetric diblock
diameter) cylindrical nanopores in alumina observed straight copolymer subjected to an extensional force fi€lielical and
cylindrical and concentric lamellar domains in the p#te. catenoid-cylinder structures have been observed to form in
Concentric lamellae were also seen in symmetric polystyrene- Monte Carlo simulations of symmetric diblock copolymers,
b-poly(methyl methacrylate) diblock copolymers confined in depending on the strength of the preference of the pore wall
alumina nanopores of similar diame#érConcentric lamellar ~ for either block?%2* The mechanism for helix formation under
structures have been observed in Monte Carlo simuldfiamsl these conditions is not fully understood. Our previous work
dynamic density functional simulatio#%Both straight cylinders revealed a rather complex phase diagram which suggests that a

wide variety of confined three-dimensional structures may
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structures will require subtle physical arguments. A step toward field H(r) in eq 1 For convenience, this surface field is chosen
a better theoretical understanding was taken in a recent simulatedo have the form
annealing study that systematically examined the structures that
form when an asymmetric diblock copolymer melt is confined
in a narrow poré?2 This simulation found a variety of interesting
three-dimensional mesophases as the pore diameter and the
interaction between the copolymer and pore wall were varied. for R — o < |r| = R, while H(r) = 0 for [r| < R — 0. We

To date, SCMFT has not been applied to the problem of the choose the cutoff distance for the surface interaction to e
formation of three-dimensional microdomains in a diblock Rg and the decay length to ie= 0.5R;. We takef = +1 if
copolymer melt confined in a cylindrical nanopore. Here, we the pore wall prefers the B block,= —1 if the pore wall prefers
extend our previous SCMFT study into the third dimension and the A block, ands = 0 if the pore wall is neutral. With these
Systematica"y examine microstructure formation in narrow ChOiceS, the interaction between the blocks and the pore wall is
pores. SCMFT has proved to be one of the most successfulcomparable (fof = 0) to the interaction between the blocks
theoretical methods for investigating equilibrium phases in block themselves.
Cop0|ymers and has p|ayed a major role in estab”shing and Minimization of the free energy with reSpeCt to the monomer
understanding the phase diagram of the bulk diblock C0p0|ymer densities and mean fields leads to the set of mean-field equations
melt2324 We focus here not on the effect of molecular
parameters but on the environment, that is, the pore size and wa(r) = xNeg(r) + H(r) + 7(r) (3)

wg(r) = xNga(r) — H(r) + (r) 4)

H() _ RV —
N = lexpllr — Ry — e @

the interaction of the copolymer with the pore wall. Thus, our
focus is similar to that of ref 22, and we will closely compare
our results to theirs. Our SCMFT approach, however, has the
significant advantage over the simulated annealing technique
in ref 22 that the free energy of the microphases can be
computed, allowing for comparison of the relative stability of
the phases. The present work and ref 22 are thus complementary.
Furthermore, detailed, accurate information about the domain
structure, polymer configurations, and chain stretching can be
provided by SCMFT, making this technique ideally suited to
address, for example, the question of the formation mechanism
for these structures. We observe a variety of novel three-
dimensional microphases that have no analogue in the uncon-

fined system. The resolution of our study enables us to Incompressibility
accurately locate the phase boundaries and phase stability

regions as the pore diameter is varied.

Pa() = é [lds qr.9) q'(r.9 (5)

#e(0) = Gy U dr9 A'09 (6)
with

1
Q=3 ar9a'rs 7)

Pa(r) + dp(r) =1 8)

is enforced via the Lagrange multiplig(r), for |[r| < R A key

A. Self-Consistent Mean-Field Theory.We consider an ~ quantity appearing in these equations is the end-segment
incompressible melt of AB diblock copolymers, confined to a distribution functiong(r.s), which is proportional to the prob-
cylindrical pore of radiuR (diameteD = 2R). Each copolymer  ability that a polymer chain segment, of contour lengind
has a degree of po|ymerizatidﬂ1 while the A block on each with one free end, has its other end located .aBoth this
has a degree of polymerizatiéN with 0 < f < 1. Lengths in ~ distribution function and its conjugatey'(r,s), satisfy the
our theory are expressed in units of the radius of gyratign, ~ modified diffusion equations
= a+/N/6, of the copolymer. The statistical segment length is
a. Within the mean-field approximation to the many-chain
Edwards theory>26at a temperatur@ the free energy for n s
Gaussian diblock copolymer chains confined in a cylindrical
pore has the form

II. Theory

aars) _ vaq(r,s) — o(r,9) q(r,9) )

.
-HI g - 0094y o)
%= -InQ +% |r|str {xNpA(r) dg(r) — with w(r,s) = wa(r) for 0 < s < f andw(r,s) = ws(r) for f <

s < 1. The initial conditions arg(r,0) = 1 andq'(r,1) = 1.

wp(r) da(r) — wp(r) ¢p(r) + H(r)[@a(r) — ¢p(N]} (1)

The monomer densities agg andgg; the partition functiorQ
is for a single polymer interacting with the mean fietds and

Equations 3-10 can be solved self-consistently in real space
to find the equilibrium densitie®:2427We align the pore axis
with the z-axis; the cross section of the pore is in ey plane.
We employ a parallel versidhof the split-step Fourier method

wg produced by the surrounding chains. These quantities haveof Tzeremes et & to solve the modified diffusion equations

the standard definitions and meanir#gs? The Flory—Huggins

for the end-segment distribution functions ofNax Ny x N,

interaction parametery, characterizes the repulsion between = 128x 128 x 64 cubic lattice. This lattice is divided between
dissimilar monomers. In the confined melt, the spatial integration up to eight processors. A range of pore diameters is examined,

is restricted to the pore volume, taken to e

and the periodicity of the structure along the pore axis is adjusted

We examine three scenarios for the interaction of the polymer to minimize the free energy; thus, the lattice spacidgs,Ay,
with the pore wall: (a) the pore wall prefers the majority B andAz also vary. Typical values ar&x = Ay ~ (0.1-0.2)Ry

block, (b) the pore wall prefers the minority A block (we will

and Az ~ 0.1IR,. The chain contour length for each block is

fix f = 0.2 below), and (c) the pore wall is nonpreferential or discretized into 64 segments. Our previous work in two
neutral. We achieve this by introducing a short-range surface dimensions with wider pores suggested that the stability regtif)[sl@
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and phase boundaries are not significantly altered if we use a

finer mesh thaN, x Ny, = 128 x 1281*In the current system
we find that the free energy of the system is insensitive to
variations inN; from 64 to 128 to 256, suggesting that our 128
x 128 x 64 lattice is sufficiently large to produce an accurate
phase diagram for the range Bf we examineé® Outside the

Macromolecules, Vol. 39, No. 24, 2006

4mA,

sine=——
aD

(13)

If we assume that the helices are free to adfydb an optimal
value which is independent &), then eq 13 suggests sin~

pore there is no polymer, so we set the end-segment distribution

functions to zero wher? + y2 > R, which implies thatpa =

¢s = 0 in this region®! In the x—y plane, the lattice size is
slightly larger than the diameter of the cylindrical pore. We
impose periodic boundary conditions on all edges of the lattice.
Since the monomer densities and end-segment distributions ar

I1l. Results and Discussion

We fix f = 0.2 andyN = 40. In the bulk, such a diblock
copolymer forms hexagonally coordinated cylindrical micro-

gomains of the minority A species with a spacind-gf 4.3(Ry

zero outside the cylinder, we expect, as demonstrated in ourPetween the centers of the cylindé?his work examines new

previous worki* that the periodic images of the pore will not
influence the behavior in the pore.

We first use random initial conditions for the mean fields in
our iterative algorithm to generate a diverse set of solutions to

the mean-field equations over a range of pore diameters. We

find that it is difficult to find helical structures as solutions to
the mean-field equations unless the initial condition in the
iterative procedure is chiral. We introduce chirality into our
initial conditions by randomly initializing the mean fields on a
slice in thex—y plane and then relating the mean fields at other
z values to the mean fields on this slice through a translation
alongz and a rotation (a screw transformation). A right-handed

screw can iterate to a right-handed helical structure, and a left-
handed screw can iterate to a left-handed one. Once we

morphologies that emerge under confinement, as the pore
diameter is varied. We study narrow pores, with diameters of
only a fewL,, since three-dimensional structures were observed
experimentally for such pore siz&sl’

Figure 1 displays the equilibrium microstructures we find as
the pore diameteD varies, subject to the three pore wall
interactions we examine. This is the main result of this paper.
The sequence of structures we observe Daincreases, is
independent of the pore wall interactions, for the interactions
we examine. The sequence is: a single cylindrical microdomain
(Cy), stacked disks of the minority phasBk), a single helix
(H1), a double helix ), stacked toroids alternating with spheres
(T9, a single helix winding around a central cylindéhC), a
double helix winding around a central cylindeH,C). Our
preliminary examination of narrower pores (e /Lo ~ 0.2)

determine a set of solutions to the mean-field equations, we suggests tha€, will break up into a line of beadlike micro-

then use these solutions as initial conditions in our algorithm
to explore the extent (if any) of their stability regions. As noted
above, for a given structure we adjust its period alongrihris

domains, if the pore is narrow enough. Experiménts, a
SCMFT study of a homopolymer/copolymer blef¥dand a
simulated annealing stuéi/observed beadlike microdomains

so as to minimize its free energy. We compute free energies i, yery narrow pores, consistent with our results. In pores wider

an accuracy of 1 part in 8. We take the equilibrium phase

than those shown in Figure 1 the morphologies become more

to be the structure which has the lowest free energy, for a given complicated, and the free energy differences between structures

f, xN, and D, of all the structures we observe. This is a

become very small, making it difficult to determine which

reasonable and necessary approach to construct the phasgycture is stable. In fact, we have not been able to determine

diagram since a method does not currently exist, within SCMFT,
to directly identify the global minimum of the free energy.

B. Relation between the Helical Pitch Angle and the Pore
Diameter in the Strong Segregation Limit. Some of the
structures that we find below have the property that their
monomer density cross section in they plane does not depend
onz, up to a rotation. The helical microdomain is an example.
For such structures, in the strong-segregation limit, the copoly-
mer composition enforces the condition

_ aD?

A—T

f (11)

on A, defined as the area, in the-y plane, that is minority
phase (we také < 0.5 for definiteness). We define the pitch
angle,a, of a helical structure to be the angle that the axis of
the helix makes with th&—y plane. For a structure composed
of m helices with a pitch angle. and with a cross-sectional
area perpendicular to the helix & per helix, simple geo-
metrical projection yields the relation

mA,

sino=—— (12)

which holds approximately, for sufficiently large32 Equations
11 and 12 lead to the following approximate relation between
pitch angle and pore diameter:

the relative stability oH,C andHC in this work, although we
believe the sequence ki C to H,C, in analogy withH; to H..
For this reason the transition betweelhC and H,C is not
indicated in Figure 1.

A. Influence of the Pore Wall Interaction on the Micro-
structures. Phase transitions occur at similar valuesDit,
when the pore wall is neutral as when the pore wall prefers the
B block (Figure 1a,c). In both cases the majority B block is
near the wall (when the pore wall is neutral this occurs for
entropic reasons). Thus, it is not surprising that the self-assembly
process in the interior of the pore is similar for the two cases.
The transition betweeid; and H, is an exception, and its
location is sensitive to the pore wall interaction, suggesting that
this interaction plays a significant role in determining the relative
stability of these helical phases. The combined size of+the
and H, stability regions, however, appears insensitive to the
pore wall interaction, for the three cases we examine.

When the pore wall attracts the minority A species, the pore
diameters at which phase transitions occur increase o,
compared to the other two cases. A thin layer of the A block
forms near the pore wall (Figure 1b), with the associated B block
on the inside of the curvature of the AB interface. Thus, the
middle of the pore, inside this B block, is an effectively narrower
pore, with “walls” that are preferential for B. The physics of
self-assembly then proceeds as in the other two cases. The value
of 1.5 suggests that the chains near the pore wall are stretched
compared to the bulk. This is expected since the majority B
block is forced to be on the inside of the curvature. This ef‘(fﬁ\/
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Figure 1. Phase diagram for a diblock copolymer melt, wiitlk 0.2 andyN = 40, confined in cylindrical pores of various diametdds measured

in units of the center-to-center distantg, between cylinders in the bulk. Three scenarios for the polymer/pore wall interaction are shown: (a) the
pore wall prefers the majority B block, (b) the pore wall prefers the minority A block, and (c) the pore wall is nonpreferential or neutral. The phases
are labeledC; for a single straight cylindeDk for stacked diskst; for single helix,H; for double helix,TSfor alternating toroids and spheres,

andH;C andH_C for a single and double helix, respectively, surrounding a central straight cylinder. Their regions of stability and phase boundaries
are indicated. An overbar on the phase label indicates that the structure is enclosed by a thin layer of the A domain. Representative morphologies
are indicated above the symbol; the(r) = 0.5 surface, containing the minority phase, is shown.

was also observed in our two-dimensional stddynd in the
simulation of ref 22.
B. Sequence of Microstructures with Increasing Pore
Diameter. We now focus on understanding the sequence of [
microstructures we observe as the pore diameter increases. The 28
C; structure has a constant-curvature AB interface and azimuth- s
<

—acC

ally uniform chain stretching. In the bulk, at a fixgtN andf, ol !

the cylindrical minority domain will assume a diameter that *—x Dk

minimizes the free energi.In the confined melt, this should V—VH,

lead, based on eq 11, to a pore diameter that is optimal for the o1 . ) ) )
formation ofC;. WhenD increases beyond thi€; will become 11 12 13 14 15 16
unfavorable since entropy is lost by chain stretching. Dhke D/L,

phase which forms can allow the system to relax this stretching Figure 2. Free energy per polymer, in units kT, of theC; (squares),

since the system is free to adjust the stacking period along thepy (x), andH; (inverted triangles) phases as a function of the pore
pore axis. The stacking period is insensitive to the type of diameterD, measured in units of the center-to-center distaneg,
polymer/pore wall interaction and varies from 0L.88o 0.93.¢ between cy_llnd_ers in the b_U|k. The pore wall prefers the majority B
over the region of stability dbk. The nearly flat AB interfaces block. To highlight the region where the curves cross, we subtract a
formina the faces of the disks are unfavorable for a cviinder- linear function from all the scaled free energiEfksT, and plotAF/

Ing ne ( r : y nksT = F/nksT — [0.62D/Lo — 1.85].
forming copolymer. With increasing pore diameter these faces
widen and theDk phase becomes metastable with respect to  On the basis of the argument that constant curvature AB
the single helix phaséj;. This sequence of first-order transitions interfaces are favorabfé,the H, phase should actually be
is shown in Figure 2, where we plot of free energy of G favored oveiH, since we find (not shown) that the cross section
Dk, andH; phases as a function of the pore diameter, for the of the minority, helical domain in thil, phase is closer to being
case where the pore wall prefers the majority B block. circular than that in théd; phase. However, eq 11 impose%%v
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Figure 3. Pitch angleg, of theH; (squares) an#li, (circles) structures

as a function of the pore diamet®r measured in units of the center-
to-center distancd,o, between cylinders in the bulk. In (a) the pore
wall prefers the majority B block, in (b) the pore wall prefers the
minority A block, and in (c) the pore wall is neutral. The pitch angle

is defined as the angle that the axis of the helix makes with the plane

perpendicular to the pore axis. The data include the pitch angle for
both stable and metastabiie andH; structures. The detdashed lines
are fits to eq 14 or, in (b), eq 14 with — D — 1.5.,.

constraint that may force the diameter of the minority domain
to be smaller than optimal if thél, phase were to exist in
narrower pores. This suggests why tHe phase appears first
in narrower pores.

The pitch angle of botld; andH; is a decreasing function
of the pore diameter, as we show in Figure 3. Motivated by eq
13, we find that the formula

L.\2
sina = 00(50) +c (14)
wherecy andc; are adjustable fit parameters, produces excellent
fits to our data, which are also shown in Figure 3. Note that
when the pore wall prefers the minority phase (Figure 3b) we
have adjusted — D — 1.5, in eq 14 to account for the
narrower effective pore. The fitted valuesagfandc; are given
in Table 1. Equation 13 itself produces poorer fits to our data
than eq 14. This is true whether we fi in eq 13 to take the
value for bulk cylinders in the strong-segregation lindig, =

Macromolecules, Vol. 39, No. 24, 2006

Table 1. Parameters Obtained from Fits of the Pitch Angle vs the
Pore Diameter in Figure 3 to Eq 14

situation Co C1
Hi, wall prefers majority 1.00 0.018
Hi, wall prefers minority 0.99 —0.002
Hi, neutral wall 0.731 0.069
Ha, wall prefers majority 1.47 0.15
Hy, wall prefers minority 1.32 0.19
Haz, neutral wall 1.23 0.18

a A simple strong-segregation calculation (see text) goses 2+/3miz
andc; = 0. Thus, in the strong-segregation calculatioyy- 1.10 for single
helices andty ~ 2.20 for double helices.

V3Lo/2 (equivalently co = 2v/3mVz andcy = 0 in eq 14), or
whether we allowA, to be an adjustable fit parameter. This
highlights the approximate nature of eq 13 and suggests that
Ao depends slightly oi>. Equation 13 does, however, suggest
that the pitch angle of the double helim(= 2) should be
approximately twice that of the single helim(= 1), as we
observe in Figure 3.

If the pitch period of the helix is too high, the majority B
chains can be unfavorably stretched between winds of the helix.
The pitch period of; is approximatelyo, varying from slightly
greater tharl, to slightly less thar_o with increasingD over
the Hj stability region. This suggests that tb& phase forms
where it does as a compromise to reduce the unfavorable chain
stretching that occurs in both tkiz andH; phases in this region.

In wider pores, theH, phase becomes stable and has a
minority helical A domain with a cross section that is close to
circular. As we increase the pore diameter, Hiestructure
transforms into th@ Sphase, suggesting that unfavorable chain
stretching in the center of the pore in thg phase is relieved
by the formation of minority spherical domains along the pore
axis in theTSphase. The high interfacial curvature of the spheres
is unfavorable, and when the pore diameter is slightly larger,
the system is able to accommodate a central cylindrical domain
along the pore axis. This sphere-to-cylinder transition in the
center of the pore seems analogous to the spheZetransition
in narrower pores. Thel;C andH,C phases that occur can be
viewed as analogues of ti& andH, phases seen in narrower
pores.

In addition to the stable structures shown in Figure 1, we
observe several metastable structures. While the two-dimen-
sionalC; phase is stable, we observe that other two-dimensional
structures, such &Sz, C4, C1-5, andCy—¢ (in the notation of
our previous workd) have no domain of stability in the
parameter region we examine. This suggests that the stress
associated with confinement in narrow pores causes these two-
dimensional structures to become unstable to density fluctuations
along the pore axis. Experiment suggests that such straight
cylindrical phases should occur for pore diameters satisfying
D/Ly > 4, as the center of the pore approaches an environment
more like the bulkk® However the value ob/L, at which this
transition occurs, and its dependenceydhandf, is not yet
known from theory. Our present results suggest that some of
the two-dimensional phases we identified as stable in our earlier
work! may actually be metastable. However, in our earlier work
we studied wider pores than the ones we examine here
(including D/Lp > 4) and studied weaker segregation, leading
us to expect that some of the phases we observed in our earlier
work are robust, stable two-dimensional phases.

With the exception of th@ S phase, we find that structures
involving stacked toroidal domains, or stacked toroids with
cylinders, are metastable. The stable phase will sometimes
emerge out of a metastable tilted toroid structure as the StrU%t}B@)
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period along the pore axis is optimized. These results suggestmetastable. For example, wh&ilL, = 2.1 and the pore wall
that toroids are unfavorable in these narrow pores due to theprefers the majority block ref 22 observed thdt, H,, and
high degree of bending of the cylindrical domain making up a stacked toroids were degenerate structures. Our results indicate

toroid. thatH; is stable at this value dd/L,, with H; being stable in

C. Comparison with Experiments and Simulation. A narrower pores, and that stacked toroids are metastable.
helical structure was recently observed in experiments using aFurthermore, our results suggest that the tilted disks seen in ref
PSb-PBD melt confined in narrow 3345 nm /Lo = 1.1— 22 are metastable with respect to lephase. Our observation

1.5) pores in an alumina substrafeThe volume fraction of that th_e fre_‘:e energy differences between structures become very
PBD was 0.36, and the pore wall was preferential for PBD. Small in wider poresR/Lo 2 ~3) may explain why the authors
Our results suggest that helices form over the rabde, ~ pf ref 22 s?ated they obseryed structures “plagued with defects”
3.0-3.9 when the pore wall prefers the minority block and over N this region. There are differences between the results ref 22
the rangeD/Lo ~ 1.4-2.3 when the pore wall is neutral. This ar_1d our rt_asults in _the case of a neutral pore _vvaII. Notably_, phases
suggests that the pore wall in ref 16 had a weaker preferenceW'th ml_JItlpIe straight cylinders were seen in ref 22, while our
for the minority PBD than the value we use here. The helical Study finds these phases to be clearly metastable compared to
pitch angle of 18 measured in these experiments is comparable the structures we show in Figure 1c. This suggests that the

to our results foiHs, for the case of a neutral wall (Figure 3c). simulated anngaling study is havipg difficul_ty equilibrating when
the pore wall is neutral. At the intermediate segregation that

both we and ref 22 examine, we do not expect composition
Tfluctuations, which are included in the simulated annealing study
but are not included in SCMFT, to play a significant réte.
Since we can identify metastable structures, our present SCMFT
study is a necessary complement to the simulated annealing
study.

The discussion above suggests that structures@ikeHs,
H,, H1C, andH,C constitute a common structural motif in a
variety of contexts: this work, simulated annealing stuéfes,
and two experiments involving different materi&#s8 On the
other hand, the existence of tligk and TS phases that we
observe here, and also the existence of the phases involving
stacked toroids in ref 18 appears to depend on the specific details
of the system. We speculate that the generic nature o€the
Hi, H2, H1C, andH,C phases may be due to the constraint, eq
11, imposed by geometry and composition, that these structures

&cgigé?g;gltgéi(Zglpso:ys/r’r?:errlrlr?erlttoalt;%jgr?LrjltZirlﬁgrvtfe%?(;irr\i/riefgtrmUSt satisfy. Furthermore, we should note that we observe the
. . ’ ; Dk and TS phases wherLy is incommensurate with the
nor their SCMFT calculations reported observing Bleor TS ég P 0

- effective) pore diameterD/Lo ~ (k + /) wherek is an integer.
structures that we See. These phases S|mpl_y may have bee or these pore diameters the system is most likely to form
missed in ref 18 while our study flnds_ them since we are_abl_e morphologies with complicated monomer density variations
to accurately locate the phase boundaries due to our mvesngauorblong the pore axis, which do not have to satisfy eq 11
of closely spaced/L, values and our comparison of the free ' '
energies. An interesting alternative explanation is that it is not |V. Conclusions

necessary to form intermedialk or TS morphologies in the In summary, we have extensively and systematically em-
silica—surfactant (homopolymer/copolymer blend) system since ployed real-space SCMFT to explore the three-dimensional
the silica (homopolymer) acts as a filler and is able to position microstructures that form when a diblock copolymer melt is
itself to alleviate the free energy penalty associated with chain confined to relatively narrow cylindrical nanopores of various
stretching in the; andH, (or Hz andH,C) phases. This should  giameters. We have identified a sequence of novel structures,
lower the free energy of these phases and may allow for direct hot seen in the bulk, that form with increasing pore diameter.
Ci-to-H; and Hz-to-H,C transitions in the silicasurfactant  The sequence of structures we found was insensitive to the pore
(blend) system (see Figure 2). This mechanism may also explainyg|| interaction, for the three pore wall interactions we
why toroids are seen in the silieaurfactant system but are  gxamined. We accurately located the first-order phase bound-
only metastable in our SCMFT study of the neat diblock gries petween the stability regions of the various microstructures.
copolymer. Interestingly, chiral structures, such as single and double helices
Very recently, Yu et. al. systematically studied the present can arise, despite the fact that our model involves achiral
problem using a simulated annealing Monte Carlo techni§ue. molecules. This has precederhiral self-assembly from achiral
Our SCMFT results in Figure 1 correlate with Figure 1 of ref building blocks was also observed experimentally as a helical
22. When the pore wall prefers either the majority or minority morphology in neat ABC triblock copolymers by Krappe etal.
block, the sequence of phases we observe and our values ofWe found that the pitch angle of the helical structures and the
D/Lo at the phase boundaries are in excellent agreement withpore diameter satisfy a relationship that can be motivated from
ref 22. This agreement suggests that the positions of the phase simple geometrical argument. Our results are consistent with
transitions are not highly sensitive to the valuesf @ind yN experiments. Our results are also consistent with a recent
since ref 22 studiefi= 1/6, for these cases, and likely worked simulated annealing study but suggest that some of the structures
at a stronger segregation and a different pore wall interaction seen in this study are metastable. When viewed along with
than in our study. We can compute the free energies and relativeexperiment and simulation, our results suggest that the phases
stabilities of our phases, and we can use our results to sugges€Ci, H;, H,, H1C, and H,C are robust, while the existence of
which structures seen in the simulated annealing study arestructures likeDk andTSmay be system-specific. We observ&%v

Earlier experimental work with silicasurfactant composite
mesostructures confined in nanoporous alumina observed struc
tures similar to those we observe here at various pore diam-
eters'® In a 31 nm pore, they observed a double hekig)(
while in wider, 34-45 nm pores they observed a central straight
cylinder surrounded by either stacked toroids (50% of cases), a
single helix H1C) (44% of cases), or a double helid{C) (6%
of cases). We also see that forms in narrower pores and that
H;C andH,C form in wider pores, although we find structures
involving stacked toroids are metastable. Consistent with our
results, they found more complex morphologies form in even
wider pores, and they did not observe structures involving
multiple straight cylinders. Their SCMFT calculation, for a
diblock copolymer/homopolymer blend (30% homopolymer by
volume), found several solutions to the mean-field equations
that suggested the sequereg H;, Hy, HoC with increasing
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multiple straight cylinder solutions to be metastable in the range
of pore diameters we examined. This suggests that it may be
difficult to form straight nanowire templates using narrow
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(15) Shin, K.; Xiang, H.; Moon, S. I.; Kim, T.; McCarthy, T. J.; Russell,
T. P. Science2004 306, 76.

(16) Xiang, H.; Shin, K.; Kim, T.; Moon, S. I.; McCarthy, T. J.; Russell,
T. P.Macromolecule005 38, 1055-1056.

nanopores as a confinement mechanism. The diameter at which17) xiang, H.; Shin, K. Kim, T.; Moon, S. I.; McCarthy, T. J.; Russell,

there is a crossover to bulk behavior in the interior of the pore
remains to be determined. Now that we have accurately located

the phase boundaries in this system, we can begin to address

T. P.J. Polym. Sci., Part B: Polym. Phy2005 43, 3377-3383.
(18) Wu, Y.; Cheng, G.; Katsov, K.; Sides, S. W.; Wang, J.; Tang, J.;
Fredrickson, G. H.; Moskovits, M.; Stucky, G. Dat. Mater.2004
3, 816-822.

the issue of the mechanism of structural phase transitions as19) wmorita, H.; Kawakatsu, T.; Doi, M.; Yamaguchi, D.; Takenaka, M.;

the pore diameter increases. These transitions appear to result

from a combination of effects which need to be quantified.
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