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The wetting behavior of hybrid isotropismectic block copolymers is examined. For symmetric
diblocks, the generic parallel ordering of the lamellae is suppressed, and the copolymer wets the surface
with the lamellae perpendicular to the surface. The parallel ordering, however, can be restored in
asymmetric lamellar diblocks. We propose an explanation in terms of block-specific interface wetting,
and configurational frustration induced by the incommensurability between the smectic spacing and the
smectic block size defined by the diblock lamellar period. [S0031-9007(96)01913-8]

PACS numbers: 61.41.+e, 61.12.Ex, 68.55.Jk

Diblock copolymers, which consist of two chemically In this Letter, we investigate the influence of this hy-
distinct homopolymer subchaing and B joined cova- brid isotropic-smectic macromolecular architecture on the
lently at one end, can self-assemble into spatially perithin film morphology of lamellar diblock copolymers, us-
odic bulk phases via an order-disorder transition. Theng a combination of x-ray specular reflectivity (XSR) and
nature of this transition is determined by the total de-atomic force microscopy (AFM) to gain access to comple-
gree of polymerizatiornV, and theA-B segment-segment mentary real-space and reciprocal-space information. For
Flory-Huggins interaction parametgfiz, which is a mea- symmetric diblocks, we found that the parallel ordering
sure of the component incompatibility. Since the im-of the lamellae is suppressed, and the copolymer wets
miscible polymer components are irreversibly tethered athe surface with the lamellae perpendicular to the sur-
one end, macroscopic phase segregation is not possiblace. The parallel ordering of lamellae, however, can be
The system will instead separate into microscopic dofestored in asymmetric lamellar diblocks. We provide an
mains, the sizes of which are determined by the comexplanation for this transition in terms of block-specific
petition between entropic losses associated with polymdnterface wetting and the configurational frustration in-
chain stretching, and enthalpic penalties associated witdluced by the incommensurability between the smectic
interface formation. Morphologies consisting of lamellae,spacing and the smectic block size defined by the diblock
cylinders, spheres, or even topologically complex biconiamellar period.
tinuous phases can be formed in this process, dependingThe hybrid isotropi¢mesogenic diblock copolymer
on the volume fractions of the componerds, or @z [1]. used in this study is PS-PChEMA [Fig. 1(a)], with

The ordering of configurationally complex fluids such molecular weights(M,,) ranging from 35000 gmol to
as block copolymers, however, can be influenced by th&1 000 g'mol at a polydispersity of~1.1, and is expected
presence of a surface. An isotropic lamellar diblock filmto be in the strong segregation limiy4pN > 10) [13].
usually forms a macromolecular “stack” parallel to theThe PChEMA mesogenic block exhibits an interdigi-
surface, with a period., equal to the thickness of an tated smectict, phase with a layer spacing of 45 A and
ABBA sequence [2—-6]. The thickness of this ordereda typical phase sequence @fs:101 °C:gpchema:126 °C:
film must belong to a discrete spectrum of allowed valuess,:187 °C:I [13]. Moreover, the direction of smectic
d,, whered, = (n + 1/2)Ly, or d, = nLgy, depending layering is orthogonal to the direction of the lamellar
on the interfacial segregation behavior of the blocksmicrophase segregation in the bulk.
in the system [3]. If the thicknesdg of the film is Thin films of the diblock copolymer were prepared by
incommensurate with these values, sgy< d < d,+1, spin coating toluene solutions onto float glass substrates,
then the system will separate into coexisting domains ofvhich were cleaned in chromic acid for 24 h, then in
thicknessesl, andd, +; [6], in a process which has been sulphuric acid for 5 min, and followed by a deionized
compared to 2D topological coarsening [7]. Experimentalwater rinse. The cast films were dried, and then annealed
and theoretical results on isotropic diblocks confinedat 170°C for 60 h under vacuum. All measurements were
between parallel hard walls have illustrated the effects operformed at room temperature, after the samples had
frustration between the lamellae period and an externalljpeen frozen into their glassy states.
imposed length scale [8—12]. Side-chain liquid crystal For the XSR measurements [15], the sample is
polymers have recently been incorporated into diblocknounted on the inner stage of a two stage oven in a
copolymers [13-14], where the smectic ordering of sidedry N, environment. The oven is then coupled to a
groups can lead to the competition between two inherentlyriple axis diffractometer, with the surface normal of
different length scales, and can frustrate generic diblockhe sample parallel to the axis of the instrument. For
ordering. measurements of samples thinner than 700 A, the incident
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FIG. 1. (a) PS-PChEMA: poly[styrene-block-2-((3-cholesteryloxycarbonyl)oxy)ethylmethacrylate]. (b) The measured and
calculated XSR for a 360 A film of a symmetric PChEMA-PS diblagkys = 0.49, M, = 57000 g/mol). (c) The measured

and calculated XSR for a 720 A film of an asymmetric PChEMA-PS diblekks = 0.64, M, = 36000 g/mol): The low order
guasi-Bragg peaks on (b) and (c) are marked with arrows. Electron density pofiesised to model the data are shown as
insets:z and p(z) are expressed in A’s and arbitrary units, respectively.

Cu-Ka beam(k = 27w /A = 4.07 A~1) is monochrom- groups anchoring homeotropically, perpendicular to the
atized and focused using a bent graphite (002) crystakurface [18]. We observed the same homeotropic an-
giving an in-plane resolution akg, = 5.7 x 1073 A~!,  choring behavior in XSR measurements of PChEMA ho-
after having been defined by slits. In order to resolvemopolymer thin films.
diffraction features from thicker samples, Ge(111) The surface topography of a representative sample of
monochromator and analyzer crystals are used nondighe same compound prepared under identical conditions
persively to select the CK~; component, which result has been measured with AFM [Fig. 2(a)]. The aver-
in a resolution of Ag, = 7.0 x 1074 A~!. Further age thickness of the sample is330 A, and two ter-
details are described elsewhere [16]. The AFM workraces with an average height difference of 50 A can be
was performed with a Nanoscope Il commercial AFMobserved, which is comparable to the thickness of a
operating in the constant force mode a2 X 1078 N.  smectic layer. This is consistent with the previous x-
The results are independent of the contact forces used i@y observation, and confirms that the smectic layers
the measurements, and successive scans show no chaifig@éned from the mesogenic side groups are parallel to
in the surface topographies. the surface. The serpentine corrugations on the terraces
XSR is sensitive to the modulations of the averagehave an average in-plane spatial period-af20 + 40 A,
electron density (z) along the surface normal, and mea- Which is essentially.(, the ABBA lamellar period. The
surements for representative PS-PChEMA symmetric dicombination of XSR and AFM results unambiguously
block films(®ps = 0.49, M, = 57000 g/mol) are shown indicates that the generic ordering found in isotropic
in Fig. 1(b). The data have been background subtractegymmetric diblock films, where the lamellae are paral-
and the standard geometrical correction for the beam “footel to the surface, has been suppressed in these hybrid
print” have been applied. The FWHM of a typical trans- diblock films [Fig. 2(b)]. The anchoring of the meso-
verse “rocking” scan across the specular reflectivity isg€nic groups dominates the wetting, and the hybrid di-
~0.045°. Fits to the data have been calculated with arplock lamellae order in a direction perpendicular to the
iterative matrix solution of the Fresnel equations for thesurface. Similar results are obtained from other nearly
reflectivity of the multilayer system, using periodic “slab” symmetric diblocks(®ps = 0.43) with a lower molecu-
profiles of electron densities separated by interfaces witkar weight of A, = 35000 g/mol.
Gaussian roughness [16,17]. A schematic of the model The wetting behavior of an asymmetric lamellar diblock
electron density profile is also included. The higher elecwith an increased PS contefdeps = 0.64) at a molecular
tron density at the center of a smectic layer is attributed taveight ofM,, = 36000 g/mol, however, is quite different.
the more efficient packing of the interdigitated PChEMA Figure 1(c) contains an XSR measurement from a 720 A
side groups. The thickness of the PS-PChEMA film ob-thick sample. The characteristic quasi-Bragg feature of the
tained from the fit is 360 A. No evidence of quasi-Braggmesogenic ordering has disappeared, and has been replaced
peaks that correspond to the lamellar spacing®0 Ais by a new set of quasi-Bragg features that correspond to the
evidenced. However, a developing quasi-Bragg peak cablock copolymer lamellar periodicity df, = 154 A. In
be observed, with an associated periodicity of 42 A, whictorder to model the data, the electron densities for PS and
corresponds closely to the bulk smectic spacing of theChEMA have been calibrated by independent reflectivity
PChEMA homopolymer, and implies that the smectic lay-measurements of homopolymer thin films. These data
ers are parallel to the surface, with the mesogenic sidalso indicate that the component which wets both the
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FIG. 2. (a) Perpendicular wetting of the hybrid lamellae in a symmédrig = 0.49, M,, = 57000 g/mol) PS-PChEMA diblock
film, as observed by AFM2(0 X 2.0 um? viewing area): The in-plane corrugation period~820 *+ 40 A, which is essentially
Lo. (b) A schematic representation of perpendicular wetting: Note relative sizes of the smectic spauidgthe interfacial
block size¢: ¢ > d and ¢ # Nd, where N is a positive integer. (c) Generic parallel wetting of the hybrid lamellae in an
asymmetric(®ps = 0.64, M,, = 36000 g/mol) diblock film, as observed by AFM4(0 X 4.0 um? viewing area): The height
difference between the two domains-isl50 * 15 A, which is equal toL, for this diblock. (d) A schematic representation of
parallel wetting: d > ¢.

air-copolymer interface and the copolymer-glass interfacéaces by enforcing a maximal wetting of that component.
is PChEMA. The second term accounts for an entropic bonus associated
A representative 330 A thick sample of the same comwith the parallel orientation. Each free chain end lowers
pound prepared under identical conditions has been meé#he free energy of the copolymer-wall interface b%T .
sured with AFM [Fig. 2(c)]. Generic ordering found in Since the density of chain ends is significantly higher at the
isotropic lamellar diblock films has been restored: Themid plane(A-A or B-B) interfaces [20], a parallel ordering
system has formed coexisting domains of PS-PChEM/Aof the lamellae will maximize this entropy gain. Finally,
macromolecular “stacks” parallel to the surface. The avihe chains are more easily stretched along a wall than they
erage height differencel,+; — d,) between the majority are in the bulk, because of the effective nematic interaction
and minority domains i$50 = 15 A, which is essentially  that the hard wall exerts to limit the conformations of the
Ly, and is consistent with XSR measurements. The smegyolymer segments near it. This favors the perpendicular
tic layers of PChEMA are now perpendicular to the sur-grientation and is described by the third term. The main
face and the block lamellae [Fig. 2(d)]. _ chain of bulk PChEMA, however, is already partially con-
In order to understand the orientational wetting behavfined to the interstices between the smectic layers, so this
ior of these hybrid block copolymers, we consider firsteffect cannot explain our observations.
the corresponding behavior in isotropic block copolymers.  sjnce PChEMA readily wets both the quartz and air in-
At equilibrium, wetting layers with the lamellae perpen- terfaces, and since PS is usually repelled from hydrophilic
dicular to the surface have never been experimentally ok pstrates, intuition informed by theoretical descriptions
served in films ofdlblocks_wnh two isotropic components; ¢ isotropic diblocks suggests that the contact interac-
a macromolecular stack is always formed parallel to thgjon should dominate and lead to parallel wetting of the
surface. This orientational behavior of a symmetric di-j5me|iae, with homeotropic PChEMA at both interfaces.
block fllm at equilibrium has recelved_ extensive theoretl—FOr PS-PChEMA, however, homeotropic anchoring of the
cal attention [11,19]. The work per unit arAarequired to PChEMA side ar is inherentlv antagonistic t rallel
change from perpendicular to parallel wetting of the lamel- ~ . Side groups IS Innerently ahtagonistic to parafle
lae can be written as [19] wetting, because it necessarily generates defects and extra
unfavorable segment-segment contact near PS-PChEMA
A = i(—cwvl — ¢, VO 4 ¢, V113, interfaces. More important, the equilibrium bulk lamellar
14 period L, defines a thicknesé for the PChEMA block at
V is the volume occupied by a chain,is a monomer the interface, which is in general not commensurate with
length, ana,,, c., andc, are constants. The first term de- the thickness of an integral number of homeotropic smec-
scribes the differential contact interaction and usually domtic layers. The value of calculated fromy and®pg for
inates the wetting: If either component is preferentiallythe samples used in Figs. 1(b) and 2(a) is 76 A, which is
adsorbed at one or both of the interfaces, then the systebetween one and two bulk smectic layers thiekd5 A).
will favor a parallel ordering of the lamellae and their inter- This incommensuration between smectic ordering &nd
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