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Frustrated Crystallization of a Rod—Caoil Block Since the packing density of the rods in the crystalline phase
Copolymer from lIts Liquid Crystalline State is higher than that in the lyotropic liquid crystalline phase, the
crystallization tends to frustrate the interfacial balance that has
, . . been established in the micro- and macroscopic structure of the
Ji-Woong Park*-T and Edwin L. Thomas* liquid crystalline state. Little has been studied about the effect
Department of Materials Science and Engineering, Gwangju of such frustration by the prior liquid crystalline state on the
Institute of Science and Technology, Oryong-dong 1, morphology of the subsequent crystals.

Buk-gu, Gwangju 500-712, Korea, and Department of Here we report a unique morphology of recoil block

Materials Science and Engineering, Massachusetts Institute )
of Technology, 77 MassachusettseAue, copolymer crystals grown from lyotropic liquid crystalline

Cambridge, Massachusetts 02139 precursors. A rogtcoil block copolymer with the coil block as

a majority allowed monitoring the transformation of the
Receied February 15, 2006 intermediate lyotropic LC state to the crystalline state with
Revised Manuscript Recegd April 27, 2006 evaporation of solvent. We demonstrate that the orientation, the

shape, and the size of block copolymer crystals are closely

_Block copolymers offer a variety of one-, wo-, or three- 04 45 the microstructure of the prior liquid crystalline states
dimensional periodic nanostructures through microphase separa-

tion of chemically distinct macromolecular block#.the block and that the rodcoil packing frustration plays a unique role in

copolymers contain semicrystalline blocks, their microstructures the formation of crystaliine morphology of the microphase-
polymers - ry . ’ . separated copolymer. The results emphasize the importance of
develop with changing concentration or temperature via two

competing oraanizing processes. crvstallization and micro hasethe intermediate liquid crystalline structure in understanding the
e eﬁatio??—5glf the grpstallizatio’n gccurs above the or ekFa)r morphology of copolymers which develops via multiple ordering

ep T y . . transitions occurring with the change of concentration or
disorder transition temperaturéqpr), the point of microphase

. o . temperature.
separation of the dissimilar blocks, the copolymer chains become The rod-coil | . ) dis a diblock |
frozen into the crystalline matrix, resulting in a disordered e roca-coll copolymer investigated Is a diblock copolymer

; : : : f poly(3-(triethoxysilyl)propylisocyanate) (PIC)M, = 23 000)
microdomain morphology even if the copolymer is cooled below 0 o . ) ;
Topt. If the crystalline block has a melting temperature lower and polystyrene (PSM» = 39 000) with the polydispersity

thanTopr, folded lamellar crystals of semicrystalline block can inldex hOf éléZSH TheCs.ynthe%s O(L.Lhe cclnpolymerhis descri.bed
grow but as is confined to the well-defined block copolymer elsewnere. T.e PIC Is a stiff rodlike po ymesr, WNOSE Persis-
microdomains. tence length is known to be above 40 Ahi8 Toluene was

However, if the incorporated crystalline block of the crystal- C0S€n as a solvent of study because it can dissolve the
line—amorphous diblock copolymer is a rodlike chain, it cannot COPolymer without causing gelation over the entire range of
crystallize into a folded chain lamella. Since the interfacial area cONcentration. . S
offered by a stiff rodlike chain is much smaller than that of a  The liquid crystalline order of the PIC block was identified
coil or folded semicrystalline block, the self-assembly of the USing wide-angle X-ray diffraction (XRD), polarized optical
block copolymers containing a rodlike block and a flexible block Microscopy (POM), and atomic force microscopy (AFM) of the
results in unique morphologies distinct from the conventional Solution-cast copolymer films before they are completely dried.

crystalline-amorphous block copolymefs? First, we monitored the intermolecular order of the PIC blocks
The copolymers containing a rodlike block are calledrod ~ changing during the late stage of solvent evaporation. The
coil block copolymers. Self-organization of the recboil copolymer solution in toluene with a concentration of 5% was

copolymers is oftentimes carried out in solution so as to avoid ¢ast on aslide glass that is mountable in the XRD sample holder.
the loss of chain rigidity caused by chemical degradation or The copolymer films solidified as the amount of the remaining
conformational change at high temperature. However, the Solvent reached about $@0% of the total weight. While
presence of a third component (solvent) during the self-assemblyvarying with different samples, approximately-120% of the
process adds additional complexity to the already complicated total sample weight was lost with further drying after the XRD
phenomena of rodcoil self-assembly because of multiple Measurement. XRD measurement run on these samples gave
ordering transitions that occur with changing concentration of rise to sharp scattering peaks witia; ratios of 13/3:2:/7:3,

rods in solution. Of particular difference from that of a rodlike as shown in Figure 1a. This corresponds to a two-dimensional
polymer from a semicrystalline polymer is the intermolecular hexagonal lattice of the rodlike PIC chains. The lattice parameter
ordering of the chains into nematic or two- dimensional liquid of the hexagonal columnar phase wa$.5 nm, while varying
crystalline phases before they crystalli#d!in the solution of  slightly with different samples, likely due to different amounts
rod—coil block copolymers, the liquid crystalline rod-rich  of residual solvent. Interestingly, as the samples were dried
microdomains phase-separates from the isotropic coil-rich further under atmospheric conditions, the intensity of hexagonal
microdomains, in which the rod blocks arrange in a smectic A order peaks decreased, and instead a new set of XRD peaks
or smectic C-like fashion whose rodlike backbones align normal appeared (Figure l1a, curve B). The new XRD peaks include
or tilted with respect to the interfaces between rod and coil two peaks in the smaller angle region centered apacings
microdomaing?-15 Upon further removal of solvent from the of 1.7 and 1.1 nm. These are attributed to an oblique two-
liquid crystalline state, subsequent crystallization of the rods dimensional lattice resulting from the segregation of the
must occur under the confined environment of the liquid bulky side groups from the rodlike backbones as solvent

crystalline microstructure. molecules continue to escape from the intermolecular space
between PIC chains. Two-dimensional columnar phases with
t Gwangju Institute of Science and Technology. hexagonal and oblique lattices are known to occur in the rodlike

* Massachusetts Institute of Technology. polymers containing aliphatic side chaiid?Several new peaks
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Figure 1. Liquid crystalline microstructure of PSPIC(39/23) captured in the presence of residual solvent: (a) XRD curves of a sample wet with
toluene (A), then dried for 1 day in an ambient condition (B), and after a brief heat treatment@tf®02 min (C); (b) a POM image of a 200

micron thick film exhibiting domain wall patterns; (c) phase contrast AFM image of a wall region. Brighter domains correspond to PS regions. The
arrow indicates the direction of solvent evaporation.

in the higherq range appeared in the fully dried sample, atmospheric conditions. The hexagonal order of the PIC chains
indicating the formation of 3-d crystals by the PIC chains. The persistent in the dry PSPIC sample can be accounted for by
hexagonal scattering peaks remained until the sample was heateditrification of PS regions prohibiting the formation of close-
above the glass transition temperature {7 of the PS block packed crystals of the PIC chains.
that had been measured by DSC (see Supporting Information) To see how crystallization of PIC chains proceeds further
(Figure 1a, curve C). The rubbery PS blocks ab@yenust from the liquid crystalline microstructure, the copolymer sample
have allowed the relaxation of the hexagonal-ordered PIC blockswas annealed under solvent-saturated atmosphere for a pro-
to a more stable oblique order. longed time. We prepared a 5% copolymer solution in toluene
The liquid crystalline nature of the copolymer was also in a small crucible contained in a closed vessel, and the solvent
revealed by POM and AFM images. Figure 1b shows the POM was slowly evaporated until the sample lost apparent fluidity,
image often observed while the PSPIC(39/23) films are being which took about 3-5 days. Then the sample was annealed in
dried. The particular sample exhibiting Figure 1b had a dry state a toluene-saturated atmosphere for 3 weeks followed by
thickness of about 10@m. The banded textures indicate the fracturing the crucible in liquid nitrogen to yield about 1 mm
formation of Néé domain walls over which the director thick pieces of the copolymer films. Tapping mode AFM images
orientations chang®. Wall-to-wall distances are in the range of the surface of the resulting crystalline sample are shown in
from a few to 100um. AFM images of the surface of the Figure 2, where many crystalline grains with multilayered,
solution-cast film revealed the microdomain morphology com- tapered geometries are uniformly distributed over the sample.
prising the wall pattern. It shows that the copolymer microphase- The length of the grains in the direction of layer normal was in
separates to alternating stripes of PS and PIC microdomainsthe range 0.51 um, as estimated from the AFM images. In
of which the layer normal in the Nevall region is perpen- the low-magnification image shown in Figure 2c, the orientation
dicular to the direction of solvent evaporation, as reported of the crystal grains varies similarly to the director pattern in
previously?! The results shown in Figure 1 indicate that the the Neé walls2~24 This suggests that the morphological
transition from the hexagonal mesophase to the crystalline rodsstructure in the crystalline state is templated by the microscopic
occurs near completion of solvent evaporation at which the and macroscopic structure of the prior liquid crystalline state.
copolymer has already microphase-separated into the liquid The region not showing the layered texture in the phase contrast
crystalline PIC and the isotropic PS microdomains. AFM image has disordered dark and bright microdomains, most
The micro- and macroscopic structures of the liquid crystalline likely to be disordered aggregates of micelles formed by
state become frozen in the samples with further drying under crystallization of the rodcoils?® The banded texture of th&DV
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Figure 2. Tapered, multilayered crystals of the PSPIC(39/23) block copolymer grown from its lyotropic LC state: (a, b) height and phase contrast

tapping mode AFM images; (c) phase contrast AFM image of the region showirigvdibdike director pattern; (d) a SAXS profile of the sample.
Background was not subtracted from the SAXS data.
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Figure 3. Schematic diagram for the crystallization of recbils from the liquid crystalline structure. The crystals can grow laterally within each
layer, and new crystalline layers are added to the preformed ones in the direction of layer normal. A postulated 3-dimensional shape of a crystalline
grain is shown on the right.

grainy crystals in the AFM image is likely to be indicative of = 0.11, 0.22, and 0.33 nm (Figure 2d), evidently showing
alternating rod-coil layers. The layer periodicity appearing in  that the copolymer has a layered structure with a periodicity of
the AFM image was~50 nm, varying significantly with the  about 56 nm. The broad higher order peaks suggest poor long-
degree of tilt or elevation of each mutilayered grain from the range order of layer stacking, consistent with the grainy crystal
surface. Attempted transmission electron microscopy (TEM) for structure shown by the AFM image.

microtomed sections did not yield useful information due to  The orientation of the layered block copolymer crystals
the damage caused by the microtoming process and the electrombserved in the AFM image can be accounted for by the
beam. Instead, synchrotron SAXS (Brookhaven National Lab, nucleation and growth mechanism under the influence of the
X27C) exhibited scattering peaks centered at (4 sin 0)/A lyotropic LC structure. The growth of the crystals is schem&%v
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cally illustrated in Figure 3. We postulate that the tapered  Acknowledgment. This work was supported by the Korea
geometry observed over many crystals is caused by the rod Research Foundation Grant funded by the Korean Government
coil packing frustration, which occurs due to disparate interfacial (KRF-2005-205-D00035), the Program for Integrated Molecular
areas per chain of the rod and coil blocks at the-roail System at Gwangju Institute of Science and Technology in
junction when rod blocks are closely packéd®PIC crystals Korea, and the MRSEC Program of National Science Founda-

are nucleated within the liquid crystalline microdomain, and tion, USA.

the crystallization propagates in the lateral direction of each
PIC layer. As the rods crystallize in the PIC domains, volume

Supporting Information Available: DSC thermogram of the

shrinkage must occur laterally, whereas the PS domains shrinkPSPIC(39/23) block copolymer. This material is available free of
isotropically. Approximate change in the cross-sectional areas charge via the Internet at http://pubs.acs.org.

upon transition from the hexagonal packing to oblique packing
of the rodlike chains can be estimated using a°l2@mbus
with a side of 1.5 nm for the hexagonal and a ?lgérallelogram
with a = 1.7 nm,b = 1.1 nm for the oblique. The resulting
cross-sectional area of the hexagonal unit cell, 1.9, israbout
20% larger than that of the oblique (1.6 mAbrupt decrease
of interfacial area per rod at the redoil junctions increases
repulsive interactions between crowded coil blocks, limiting the
number of laterally packed rod chains in each crystal. Here the
coils at both edges of a crystallized layer have greater confor-
mational freedor?14 and therefore are less available for the
crystallization of the adjacent layers in the longitudinal direction.
As multiple layers stacked over one by one, the adjacent
crystalline layer grows laterally smaller than its previous layer,
resulting in the tapered morphology. The tapering helps to
expose more coils to the edges, effectively relieving the packing
stress caused by the rodoil packing frustration. Although the
3-dimensional structure of the crystals is still to be investigated,
the anisotropic nature of the oblique lattice determined from
the XRD data (Figure 1) and the elevated surface of the crystals
in the height contrast AFM image (Figure 2a) suggest the
morphology of stacked prisms, as shown in Figure 3.

In conclusion, we report that the morphology of a solution-
cast rod-coil block copolymer varies with different pathways
of crystallization from its microphase-separated liquid crystalline
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