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Abstract: In this feature article, we briefly review the new methods we have utilized recently in the investigation of
morphology and phase behavior of block copolymers. We first describe the chromatographic fractionation method
to purify block copolymers from their side products of mainly homopolymers or block copolymer precursors inad-
vertently terminated upon addition of the next monomer in the sequential anionic polymerization. The chromato-
graphic method is extended to the fractionation of the individual block of diblock copolymers which can yield the
diblock copolymer fractions of different composition and molecular weight, which also have narrower distributions
in both molecular weight and composition. A more detailed phase diagram could be constructed from the set of
block copolymer fractions without the need of acquiring many block copolymers each prepared by anionic polymer-
ization. The fractions with narrow distribution in both molecular weight and composition exhibit better long-range
ordering and sharper phase transition. Next, epitaxial relationships between two ordered structures in block copoly-
mer thin film is discussed. We employed the direct visualization method, transmission electron microtomography
(TEMT) to scrutinize the grain boundary structure.

Keywords: block copolymer, molecular characterization, chromatography, phase transition, epitaxial grain boundary,
transmission electron microtomography.

Introduction

Nano-structured materials have been drawing much atten-
tion in recent years due to their high potential in applica-
tions to various emerging nanotechnology. Among the nano-
structured materials, block copolymer is one of the most
intensively studied materials for the past decades."? Block
copolymers are composed of two or more chemically differ-
ent polymers, which are covalently linked each other. They
self-assemble spontaneously to form various ordered nano-
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structures with several tens of nm length scale. For diblock
copolymers, which consist of two different polymers, the
segregation of the block components due to thermodynamic
incompatibility and the connectivity of the two chains yields
various nano-structures such as lamellar (LAM), hexagonally
packed cylinder (HEX), spheres arranged in body centered cubic
lattice (BCC), double gyroid (DG) and hexagonally perfo-
rated lamellar (HPL) in bulk as well as in solution.>***3
Figure 1(a) shows an overview of the most commonly
observed morphologies of diblock copolymers.’’ The mor-
phology of the microphase-separated domains is governed
by the degree of polymerization, the volume fraction of
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Figure 1. (a) Most commonly observed morphologies in diblock
copolymers. LAM: lamellar, HEX: hexagonally packed cylinder,
BCC: spheres arranged in BCC lattice, DG: double gyroid, HPL:
hexagonally perforated lamellar, HML: hexagonally modulated
lamellar. Reproduced with permission from Ref. 37; Copyright
1998, WILEY-VCH Verlag GmbH & Co. KGaA. (b) Experimen-
tally constructed phase diagram of polystyrene-block-polyisoprene
(PS-b-PI). Reproduced with permission from Ref. 38; Copyright
1995, ACS publications.

each block, and the Flory-Huggins interaction parameter, y,
as shown in an experimentally constructed phase diagram
(Figure 1(b)).*®

Depending on the degree of incompatibility yN, several
regimes have been identified along the composition axis of
the copolymer, the volume fraction of one component, f for
a diblock copolymer. For a symmetric diblock copolymer of
f=0.5, yN value at the order-disorder transition (ODT),
(xN)opr = 10.5 in the mean field limit.*® The weak segrega-
tion limit (WSL) corresponds to yN close to (¥N)opr extending
to ¥N~12, as estimated by Matsen and Bates.* The interme-
diate segregation regime ranges up to about yN~100, and
the strong segregation limit (SSL) extends to higher incom-
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patibilities. Between WSL and SSL lies a regime exhibiting
a complicated phase behavior which reflects a delicate bal-
ance between entropic and energetic contributions to the
overall free energy. At the time of first discovery of the
microphase of block copolymers, it was thought that phase-
separated morphology is fixed at a given block volume frac-
tion. However, order-order transition (OOT) phenomena
depending on temperature have been reported in various
diblock copolymers and it was shown theoretically that the
OOT of phase-separated microdomains can occur in the
WSL regime upon changing temperature.”

During the past decades the structure and properties of
diblock copolymers have been investigated near WSL. Many
model block copolymers have been prepared and character-
ized by rheological methods, small-angle neutron and X-ray
scattering (SANS and SAXS) and transmission electron
microscopy (TEM).>3034142 At least the existence of six dis-
tinct microstructures was confirmed as shown in Figure 1(a).
Three of these have been documented in the early stage of
experimental studies of block copolymers: spheres arranged
in a BCC lattice (Im3m space group), HEX and LAM. The
other three microstructures have also been identified later,
located between the HEX and LAM phases. Modulated (ML)
and perforated (PL) lamellar structures stacked with hexag-
onal symmetry, denoted as HML and HPL, respectively,
have been documented in a variety of block copolymers.”*
Double gyroid (DG), bicontinuous cubic phase with Ia3d
space group symmetry, has also been found.”” The OOT
often exhibits epitaxial relationship between the geometries
of the two phases.'>!*2**8446¢7 For example, the transition
from hexagonally packed cylinder phase to the body cen-
tered cubic (BCC) phase occurs through initial undulation
of the cylinders before they divide into spheres, which even-
tually converts the cylinder axis to the [111] direction of
BCC Structllre.46’50’57-60’68

For synthesis of block copolymers, a number of different
polymerization methods have been utilized.*”> Among them,
anionic polymerization is the best method to yield the poly-
mers with narrow molecular weight distribution (MWD).%"
By virtue of little side reactions in the anionic polymerization,
molecular weight and composition of synthesized block copoly-
mer can be easily predicted from the ratio of initiator and
each monomers added. Block copolymers prepared by
anionic polymerization are often regarded as “monodis-
perse” although the MWD of each block is far from the rig-
orous meaning of the term. The MWD of synthetic polymers
is commonly measured by size exclusion chromatography
(SEC).”*™ However, the resolution of SEC is not high enough
to provide a correct MWD of polymers prepared by anionic
polymerization. Interaction chromatography (IC) was found
to allow a much higher resolution for the MWD analysis of
polymers.”* An IC analysis on MWD of a set of polysty-
renes prepared from a single batch anionic polymerization
showed that the true MWD is much narrower than that mea-
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sured by SEC.™* Their MWD was found quite close to the
Poisson distribution as predicted by Flory a long time ago.*
Nonetheless, it still has a finite MWD. Consequently each
block of a block copolymer has a finite MWD, which leads
to chemical composition distribution (CCD) in a whole ensem-
ble of block copolymer molecules. It is of interest to find out
a rigorous MWD and CCD of block copolymers and how the
distributions affect the phase behavior of block copolymers.

In this feature article, we briefly review the new methods
we have utilized recently in the investigation of block copoly-
mer morphology and its phase behavior. We first discuss on
the chromatographic fractionation method to purify a block
copolymer from its side products mainly the homopolymer
or block copolymer precursors inadvertently terminated
upon addition of the next monomer in the sequential anionic
polymerization. The chromatographic method was extended
to the fractionation of the individual block of diblock copoly-
mers which results the fractionation of a diblock copolymer
according to both molecular weight and composition. We
were able to construct a detailed phase diagram from the set
of block copolymer fractions without synthesizing many
individual block copolymers. The fractions have narrow distri-
bution in both molecular weight and composition and exhibit
improved long range ordering and sharper phase transition.
Next, epitaxial relationships between two ordered structures
in block copolymer thin film will be discussed. As we already

mentioned, epitaxial relationship in the order-order transi-
tion of block copolymers have been extensively studied.
Most of the studies utilized SAXS or SANS. Such scattering
methods provide averaged information on the structure and
the orientation of the domain structure is required to extract
the useful information on the epitaxial relationship in the
order-order transition. Nonetheless, detailed structural informa-
tion at the grain boundary is not accessible from the scattering
measurements. We employed the direct visualization method,
transmission electron microtomography (TEMT) to scruti-
nize the grain boundary structure.* "%

Chromatographic Purification of Block Copolymers from
Precursors.”'"* We chose a polystyrene-block-polyisoprene
(PS-5-PI) diblock copolymer to demonstrate the unique
capability of chromatographic purification of block copoly-
mers from the homo-PS precursor contamination. The chro-
matographic purification scheme is illustrated in Figure 2(a).*
It is essentially the same method to separate two different
polymers by simultaneous SEC and IC.”"** In this applica-
tion, the two different polymers are homo-polymer precur-
sor and block copolymer. The chromatographic separation
condition is established in such a way to elute PS without
interaction with the column stationary phase. For the purpose,
a C18 bonded silica HPLC column with CH,CL,/CH;CN
=74/26 (v/v) as a mobile phase is employed. In this separa-
tion condition, the PS precursor elutes before the injection
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Figure 2. (a) The scheme of chromatographic purification. Homo PS precusor is eluted earlier than PS--PI because PI interacts with
stationary phase. (b) TGIC and (¢) SEC profiles of PS-5-P1 diblock copolymers before and after the homopolymer PS removal. A fraction
of the SEC signals was increased ten-fold (“x 10”) in (c) to highlight the SEC profile change before and after the PS removal. Repro-
duced with permission from Ref. 10; Copyright 2004, ACS publications.
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solvent peak in the SEC separation mode while PS-5-PI
elutes after the solvent peak due to the stronger interaction
of the PI block with the stationary phase (IC separation
mode). Figure 2(b) and (c) contrast the IC and SEC profiles
before and after the PS homopolymer removal for the as-
synthesized PS-b-PI (32 k-31 k), which contains 6 wt% PS
predursor (32 k). Distinctive chromatographic separation of
the homo-PS from the PS-5-PI was possible, because the
Pl-adsorbing IC conditions caused the elution of PS before
the solvent peak, whereas PS-5-PI elution occurred after the
solvent peak (Figure 2(b)). It is like a “filtering” technique
relying on the retention time difference for the HPLC sepa-
ration. Another advantage of the IC technique is that it enables
semi-prep scale separation of block copolymers through
multiple injections.!*!*

In contrast, SEC analysis in THF before and after PS removal
gave the same M, /M, value of 1.02 and the homopolymer
removal effect only appeared as a slight change in the lower
molecular weight tails of the SEC profile (Figure 2(c)). Thus,
SEC is a poor choice for block copolymer analysis, since it
separates polymer chains only according to their hydrody-
namic size.

Fractionation of Individual Blocks by Two Dimensional
Chromatography (2D-LC).”™""* The precise character-
ization of a copolymer is much more complicated than that
of a homopolymer since copolymers have bivariate distribu-
tion in both molecular weight and composition. The ultimate
goal is to construct a two-dimensional, one in molecular
weight and the other in chemical composition, distribution
map. An attractive method for this purpose is two-dimen-
sional liquid chromatography (2D-LC), in which two different
chromatographic separation methods are used in sequence.**”’
If one of the two separation methods is sensitive to one
molecular characteristic while not to the other, and vice
versa, it would be possible to construct such a 2D distribu-
tion map. For the fractionation of a block copolymer, we
employed 2D-LC method; normal phase liquid chromatog-
raphy (NPLC) for one dimension and reversed phase liquid
chromatography (RPLC) dimension for the other dimension.
The strategy is to separate one block in terms of its molecu-
lar weight with minimal effect of the other block. We applied
this method for the separation of PS-b-PI diblock copoly-
mer, which has been used extensively for the morphological
study of block copolymers.®5*#** The contrast in polarity of
PS-b-P1 is subtle but we found that suitable IC conditions
could be established for the separation of individual blocks
with little effect from the presence of the other block.

Figure 3 shows a 2D-LC chromatogram of low MW PS-
b-PI in which the molecular weight distribution of the two
individual blocks is completely mapped.’” The 2D-LC con-
sists of normal phase liquid chromatography (NPLC) for
one dimension and reversed phase liquid chromatography
(RPLC) for the other dimension. The 1st-D NPLC separates
PS-b-PI according to the PS block length while the 2nd-D

368

1200

188}

1006}

906}

800+

700}

600+

NPLC. Elution time (min)

500+

300}

200+

1?

RPLC. Elution time {min)

Figure 3. NPLCxRPLC 2D-LC chromatogram of low MW PS-
b-Pl. The 1st-D NPLC separates PS-b-PI according to the PS
block length while the 2nd-D RPLC separates PS-b-PI according
to the PI block length. For the 1st-D NPLC separation, the col-
umn temperature was controlled to improve the resolution while
the 2nd-D RPLC was run isothermally to reduce the separation
time. Reproduced with permission from Ref. 17; Copyright 2007,
ACS publications.

RPLC separates PS-b-PI according to the PI block length.
For the 1st-D NPLC separation, the column temperature was
controlled to improve the resolution®* while the 2nd-D RPLC
was run isothermally to reduce the separation time. The
molecular weight distribution information of individual blocks
provides with equivalent information to molecular weight
distribution and chemical composition distribution of a block
copolymer. In this analysis, the effluent from the 1st-D LC
separation is concentrated before the injection to the 2nd-D
LC by use of a trap-column, which allows an efficient inter-
face between the two LC separations. Over 200 different
block copolymer species could be identified from the 2D-
LC chromatogram.

Phase Diagram Constructed by 2D-LC Fractions.”*
In order to construct a phase diagram of block copolymer
species, an enough number of samples with different com-
positions and with appropriate molecular weight (having
proper yN value) are needed. However, it is nontrivial to
acquire a desirable set of block copolymers. If appropriate
samples are not available, the samples of different composi-
tions are mixed sometimes to prepare the wanted composi-
tion of block copolymer, but it inevitably increases the MWD
of the block copolymers. Herein, we used an opposite strategy
to adjust the composition; instead of mixing block copoly-
mers of different composition, we fractionated an anionic-
polymerized diblock copolymer to obtain a set of block
copolymers with different composition. In this way, we can
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Figure 4. 2D-LC fractionation of PS-5-PI (24 k, 34.8 wt% PI con-
tent). (a) RPLC chromatograms of the mother PS--PI (solid line)
and its three fractions (dash-dot line). (b) NPLC chromatograms
of the middle fraction of RPLC separation (solid line) and its
three fractions (dash-dot line). RPLC fractionates the PI block
while NPLC fractionates the PS block. The range of the fraction
collected is indicated with small vertical bars. Reproduced with
permission from Ref. 93; Copyright 2002, ACS publications.

work with a set of block copolymers of wanted composition
and with narrower distribution in both molecular weight and
composition.

We applied 2D-LC method for the separation of PS-5-PI
diblock copolymer, which has been used extensively for the
morphological study of block copolymers.***%% Figure 4
shows RPLC and NPLC chromatograms of PS-5-PI (24 k,
34.8 wt% PI content). In order to fractionate PI block, we
used RPLC system operated at 15 °C with C18 bonded sil-
ica and a mixture of CH,Cl,/CH,CN (75/25, v/v) as station-
ary and mobile phase, respectively. And for NPLC system
in which PS-b-PI can be fractionated in terms of PS block
length, a diol bonded silica and isooctane/THF (70/30, v/v)
were used as stationary and mobile phase, respectively, at
32 °C. The mother block copolymer was fractionated into
nine fractions, three fractions each by NPLC and RPLC.
Figure 4(a) displays the RPLC chromatograms of the mother
copolymer (solid line) and its low, middle and high molecu-
lar weight fractions in PI block (dash-dot line) separated by
RPLC. Figure 4(b) shows the NPLC chromatograms of the
RPLC middle fraction in Figure 4(a) (solid line) and its three

Macromol. Res., Vol. 17, No. 6, 2009

Table I. Characteristics of the PS-b-PI Block Copolymers
Showing Variations in Composition as well as in Molecular
Weight. Reproduced with Permission from Ref. 93; Copyright
2002, ACS Publications

Mother PS-5-PI (M,=23.4 k, 34.8 wt% PI content)

Sample NPLC
Code” SL SM SH

I 21.8k 235k 252k
R " 39.0 wt%* 37.6 wt% 353 wt%
P I 214k 23.0k 245k
L ™ 37.2 wt% 34.8 wt% 31.9 wt%
C

7 21.0k 225k 240k

L 32.3 wt% 32.1 wt% 30.4 wt%

“S and I stand for PS and PI block fractionated by NPLC and RPLC,
respectively. Subscripts, L, M and A stand for low, medium and high
molecular weight fractions, respectively. "Number average molecular
weights determined by SEC. “Weight fraction of PI block determined
by 'H NMR spectroscopy.

fractions (dash-dot line) that have different PS content. Small
vertical bars on the solid line chromatogram indicate the
portions collected. In this way, nine fractions of the mother
PS-5-P1 with different molecular weights and weight frac-
tions were obtained. The fractionated PS-5-PIs were charac-
terized by SEC-light scattering detection for the average
molecular weight and 'H NMR for the composition and the
results are summarized in Table [.

As we mentioned above, the cross fractionation by RPLC
and NPLC yields the block copolymers with a narrower dis-
tribution in molecular weight as well as in chemical compo-
sition, which exhibit significant variations in average molecular
weight (ca. 15% difference) as well as in composition (ca.
10% difference). These variations were large enough to show
different morphologies and phase transition temperatures for
the fractions from a single mother block copolymer. There-
fore we selected PS-b-PI (M,=34.0 k, 63.4 wt% PI content,
M, /M,=1.02), which have a composition between LAM and
HEX, and could construct the detailed phase diagram of
PS-5-PI over a composition range about 10%. The molecu-~
lar weights, compositions of the fractionated PS-b-Pls were
listed in Table II.

Figure 5 displays the SAXS profiles measured at room
temperature of the mother PS-5-PI and its nine fractions pre-
pared by 2-D LC fractionation as shown above. The samples
were annealed at 120 °C. The morphologies of the samples
was also confirmed by TEM since the morphology of block
copolymer, such as HPL structure,”® is sometimes difficult
to be determined by SAXS profile only. A TEM micrographs
of the mother PS-b-PI and its HPLC fractions are shown in
Figure 6. In the TEM micrograph, the PI phase appears dark
since OsO, preferentially stains the double bonds in the PI
block. The TEM picture shows the dark PI lamellae are per-
forated by light PS domain.
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Table II. Molecular Characteristics and Phase Behavior of
the PS-b-PI Block Copolymers. Reproduced with Permission
from Ref. 64; Copyright 2003, ACS Publications

Mother PS-b-PT (M,=34.0 k, £, =0.665, HPL 7°S DG 29’ Dis)

Sample NPLC
Code SL SM SH
332k 348k 350k
./ 0.706° 0.687 0.672
7 HEX2¢ Dig? DG M HEX DGZOij HEX
219 Dis 20 Dis
R 30.8k 32.7k 343k
P 0.675 0.657 0.637
L  DGWCHEX HPLICDG  LAM!SSHPL
¢ 20% Py 206D 10 DGO Di
30.6 k 312k 324k
0.638 0.627 0.608
I ; .
L HPLljl’;DG LAM(I‘QLC) DG LAMNSHOCDiS
5% Dis B0 Dis

“S and I stand for PS and PI block fractionated by 2D-LC. Subscripts, L,
M and H stand for low, medium and high molecular weight fractions,
respectively. “Number average molecular weight determined by SEC-
Light scattering, “Volume fraction of PI block determined by 'H NMR
spectroscopy. “LAM: lamellae, HPL: hexagonally perforated layers,
DG: double gyroid, HEX: hexagonally packed cylinder, Dis: disor-
dered phase.
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Figure 5. SAXS profiles of mother PS-5-PI and the fractions
annealed at 120 °C. They show a variety of morphologies. Repro-
duced with permission from Ref. 64; Copyright 2003, ACS pub-
lications.
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Figure 6. TEM micrographs of the mother PS-5-PI and its HPLC
fractions. The HPLC fractions show very clear morphology, in
particular a well-developed HPL microdomain structure was
observed for S,d,; that was not shear aligned. Reproduced with
permission from Ref. 64; Copyright 2003, ACS publications.

Phase behaviors (OOTs and ODTs) of block copolymer sys-
tems have been studied by various techniques such as SAXS,
rheology, birefringence, etc.”'™ We used SAXS to investi-
gate the phase behavior. The OOT temperature can be deter-
mined by a discontinuity in the plot of the reciprocal of the
first-order peak maximum intensity (1/1,) vs. the reciprocal
of the absolute temperature (1/7). Also OOT sometimes
accompanies an abrupt change of the domain spacing (D=
27/g*). The ODT temperature can be obtained by a point
where the maximum scattered intensity decreases sharply.
In this way we could measure the OOT and ODT tempera-
tures of the mother PS-b-PI and the nine fractions. The
results are summarized in Table Il and a detailed phase dia-
gram of yN vs. PI volume fraction ( fp;) was constructed as
displayed in Figure 7.

In Figure 7, the squares, circles, triangles, and stars stand
for LAM, HPL, DG and HEX morphologies found in the

Macromol. Res., Vol. 17, No. 6, 2009
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Figure 7. Phase diagram of PS-b-PI constructed with the frac-
tionated PS-b-Pls. Different symbols stand for the different mor-
phologies as shown in the figure. Filled symbols represent the
mother PS-5-P1. The dotted line is the ODT calculated according
to the mean filed theory while rhombuses are the measured ODT.
The dashed line is the phase boundary drawn for visual aid. Half-
filled circles represent the data points to test the stability of HPL
phase. Refer to the text for details. Reproduced with permission
from Ref. 64; Copyright 2003, ACS publications.

SAXS measurements, respectively. The rhombuses are ODT
points and the filled symbols represent the mother PS-4-P1L
The points in one vertical line (a constant fp;) represent the
data set for a PS-5-PI sample measured at different tempera-
tures. Therefore there are ten lines for the nine fractions and
the mother PS-4-P1, covering about 10% in the PI volume
fraction. Dotted line is the mean field prediction of the ODT
and the dashed line is the phase boundary drawn for visual
aid. While the general feature of this phase diagram is simi-
lar to the results of Khandpur ef al.,®® it shows the very fine
details of the phase behavior near ODT over the narrow
composition range, which would not be easy to be obtained
without such a well-defined set of the polymer samples of
the similar molecular weights and compositions. The phase
behavior of the mother PS-b-PI including OOT and ODT
points is not much distinguishable from the fractions although
the TEM image in Figure 6 shows a much clearer HPL
structure for the Sy, fraction than the mother PS-5-PI. The
large grain size of the S,,, fraction is likely due to the nar-
rower distribution in molecular weight and composition.
Molecular Weight Distribution Effect on the Morpho-
logical Behavior of Diblock Copolymer.”* Molecular weight
distribution effect on the morphological behavior of PS-b-
PI diblock copolymers was investigated. The PS-b-PI sam-
ples were prepared by anionic polymerization and further
fractionated by 2D-LC to obtain the fractions of similar
average molecular weight and composition but of narrower
distributions in both molecular weight and composition.
The interfacial thickness, grain size and the phase transition

Macromol. Res., Vol. 17, No. 6, 2009

(b) o

Figure 8. 2D SAXS patterns of (a) unfractionated PS-b-P1 and
(b) fractionated PS-5-PI, which exhibit DG morphology in bulk.
TEM images of (¢) unfractionated PS-5-PI and (d) fractionated
PS-b-PI. A single grain DG structure over the entire image is
shown in fractionated sample, while a multi-grain structure is
evident in unfractionated one. Reproduced with permission from
Ref. 28; Copyright 2008, Elsevier.

behavior of the unfractionated and fractionated PS-5-PI were
compared by X-ray reflectivity (XR), SAXS, TEM and theo-
logical measurements. The fractionated PS-6-P1 with more
homogeneous molecular weight and composition exhibits a
narrower interface, larger grain size and a sharper morpho-
logical transition compared to the unfractionated PS-b-PL
Figure 8(a) and (b) display 2D SAXS profiles of the
unfractionated and the fractionated PS-5-PI, which shows
DG structure, respectively. 2D SAXS image of the unfraction-
ated sample shows a discrete diffraction pattern from the
{220} plane while a continuous ring pattern from the {211}
plane. Such a speckle pattern indicative of the long-range
ordering or large grain size has been reported previously by
Hajduk et al. for a PS-5-PI system after transforming the
lamellar phase to the gyroid phase by annealing.” In case of
the fractionated sample, the speckle pattern becomes much
more pronounced to show strong diffraction spots from both
{211} and {220} planes as can be seen in Figure 8(b). Fig-
ure 8(c) and (d) show TEM images of the fractionated and
unfractionated samples, respectively. A single grain double
gyroid structure larger than 1x1 gm area was observed for
the fractionated sample, while multi-grain structure is evident
in the case of unfractionated one. These results also indicate
clearly that the homogeneity of block copolymers leads to a
larger grain size in the phase-segregated morphology.
Figure 9 displays XR profiles and their corresponding
electron density profiles of PS-5-P1 thin films on a Si wafer.
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Figure 9. (a) X-ray reflectivity curve and (b) electron density
profile of the unfractionated PS-b-PI which exhibits LAM phase
in thin film. (c) X-ray reflectivity curve and (d) electron density
profile of the fractionated PS-b-PI. The filled squares and the
solid line represent the experimental data and the fitted curve,
respectively. Reproduced with permission from Ref. 28; Copy-
right 2008, Elsevier.

These block copolymers have a symmetric composition and
the lamellae of PS and PI domains are oriented parallel to
the substrate plane. Once g exceeds the critical angle of the
substrate, a significant portion of the X-ray beam penetrates
into the substrate and a sharp drop of the reflected intensity
occurs. The steeply decaying reflectivity curve is modulated
by Kiessig fringes.'” These fringes appear due to the inter-
ference between the X-ray beams reflected from the film
surface and from the film/substrate interface. Also the
amplitude of Kiessig fringes is modulated at a lower fre-
quency, which arises from the layer structure of the PS and
PI domains. The modulating Kiessig fringes of the fraction-
ated PS-b-PI show up much more clearly than the unfrac-
tionated PS-b6-PI indicative of the sharper contrast in
internal domain structure. The film depth profile including
the interfacial thickness can be estimated from the analysis
of the XR curve. The XR data are fit with a nonlinear least
squares algorithm using the recursive multilayer method of
Parratt'® and the fit parameters for PS, PI and Si wafer in
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Figure 10. Dynamic storage modulus (G as a function of tem-
perature for the unfractionated () and the fractionated (A ) PS-
b-PI. Data of the unfractionated sample are vertically shifted by
multiplying 100 for visual clarity. The fractionated sample exhib-
ited morphological transitions more clearly than that of the
unfractionated PS-5-P1. The arrows indicate the phase transition
temperatures determined from the SAXS measurements. Repro-
duced with permission from Ref. 28; Copyright 2008, Elsevier.

the literature.'”” By fitting the XR profiles to the model, the
internal structure of the thin films can be extracted. In Fig-
ure 9(b) an (d), the electron density profiles of PS-b-PI thin
films are shown, from which we can note that the electron
density profile in the fractionated sample shows a higher
contrast than the unfractionated sample. While the total film
thickness and the domain spacing are very similar at 1,260 A
and at 210 A for the both thin films, the interfacial thickness
between the two block domains shows a clear difference:
14 A for the unfractionated PS-5-PI and 6 A for fractionated
PS-h-PL 1t is clear that the homogeneity of the block copoly-
mer leads to a better-developed internal structure of the
phase-segregated morphology.

We also investigated the effect of the fractionation on the
OOT and ODT of the block copolymers. The phase transi-
tion behavior of PS-b-PI, which exhibits HPL -DG—> dis-
ordered structures upon heating, was monitored by rheological
measurements. Figure 10 shows the change of the dynamic
storage modulus as a function of temperature. The phase
transition temperatures determined by rheological measure-
ments are consistent with the previous SAXS results* indi-
cated with arrows. However, the fractionated sample exhibited
much sharper morphological transitions than that of the

Macromol. Res., Vol. 17, No. 6, 2009
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unfractionated PS-5-PI.

Epitaxial Relation between Two Ordered Structures in
Block Copolymer Thin Film.">"**¢" Many research results
can be found in the literature for the epitaxial relationship, most
of which are based on the small angle scattering method for
the structural analysis of block copolymers. However, there
is a limitation in the detailed analysis of the transitional rela-
tionship since the data acquired from the scattering mea-
surements provide with the averaged structural information
only and it is difficult to extract the detailed structure near
grain boundary between two ordered phases in real space.
Moreover, well-oriented structures by external force, such
as shearing, are needed for the analysis of epitaxial relation-
ship between two ordered structures,*#5+35575%626 Although
TEM has been used for the visualization of structure as a
complementary tool, it provides 2-dimensional structure
only and it is often difficult to elucidate the detailed epitax-
ial relationship in the grain boundary.

Transmission electron microtomography (TEMT) is an
emerging technique for the visualization of inner structure
3-dimensionally.”*”#"* TEMT is a tool combining TEM
and computerized tomography (CT). The CT scan is a well-
established medical equipment using X-ray to produce mul-
tiple images or pictures of the human body taken at different
observation angles and finally a computer joins them together
to obtain cross-sectional view of the area being examined.
In this case, the detector-source arrangement is tilted rela-
tive to the patient around a single axis, while the beam
direction is fixed and the specimen holder is tilted around a
single axis in TEMT. TEMT uses a series of 2D projections
taken by TEM and it offers a new approach to obtain 3D
information in nanometer scale.

In most studies concerning the epitaxial phase transition
between two ordered structures, shear aligned phases were used
for detailed X-ray or neutron scattering analysis,*%>%3%57:6263
Instead of aligning the grains by shearing, we used thin film
since the structures in thin film are oriented along the film
plane in thin films. Considering the phase transition from
HPL to DG in thin film, the layers in the HPL structure are
converted to {121}pg structure maintaining their orientation
parallel to the film plane. The perforations in the HPL struc-
ture in PS-5-PI thin film was found to have the ABC type
stacking without detectable defects by grazing incidence
small-angle X-ray scattering (GISAXS) as shown in Figure
11(a).">" The GISAXS patterns appear not ring-shaped but
as discrete spots, which correspond to the diffraction patterns
that the layers of HPL and planes of {121}, are parallel to the
substrate plane but randomly oriented in-plane.'**** Fig-
ure 11(c) shows a cross-sectional TEM image of the HPL
structure. PI domains were selectively stained by OsO, and
appear darker than PS domains. Because PS is a minor com-
ponent of this diblock copolymer, the layers of PS block are
perforated by PI blocks. The HPL layers are well aligned
parallel to the substrate as expected from the GISAXS pattern.
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Figure 11. GISAXS patterns of (a) HPL and (b) DG structures.

The GISAXS patterns indicate that the layers of HPL and planes
of {121}pg are parallel to the substrate plane but randomly ori-
ented in-plane. The X-ray beam impinges on the film at an inci-
dent angle of 0.22°. Cross-sectional TEM image of (¢) HPL and
(d) DG structures. The inset in Figure 11(c) is a plan-view TEM
image (200 nm>200 nm) of a thinner film (~350 nm thick).
Reproduced with permission from Ref. 67; Copyright 2007, ACS
publications.

The inset of Figure 11(c) shows a plan-view of a thinner
film (~350 nm thick) prepared from a more dilute (5 wt% in
toluene) solution. Well-ordered and hexagonally perforated
structure is observed. After annealed at higher temperature,
the morphology was fully converted to a well-aligned network
structure of DG phase as shown in Figure 11(b) and (d).
Although the layer structure and the orientation of the
HPL phase are confirmed, the internal structure of the film
is not clearly seen from the two-dimensional TEM image.
For the three-dimensional imaging of such a structure,
TEMT is a powerful tool. Figure 12(a) shows a part of a 3D
image of the HPL structure obtained from TEMT.% For
visual clarity, only the PS domain is shown. The perforations
in the layer structure are unambiguously observed. The
positional repeating frequency is found in the image: the
perforation at the edge of the st layer (shown by a vertical
arrow) reappears at the same position in the 4th layer. This
result indicates that the position of the perforations is repeated
every three layers corresponding to the ABC type stacking
of the perforations. To make this clearer, three digitally-
sliced x-z planes corresponding to the 1st, 3rd and 4th layers
are displayed in Figure 12(b). As indicated by the dotted
lines in the 1st layer, hexagonally arranged perforations in
each layer were apparent. The relative positions of perfora-
tions in the three layers were examined in Figure [2(c). The
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Figure 12. (a) 3D image of the HPL structure obtained by TEMT
(260 nmx=180 nmx90 nm). Only the PS domain is shown for visual
clarity. The vertical arrows indicate the position of the perfora-
tions. (b) Digitally-sliced x-z planes corresponding to the 1st, 3rd
and 4th layers showing the position of the perforations. (c) Over-
lay of the perforation positions: (Top) 1st and 3rd layers, (Bot-
tom) 1st and 4th layers. The ABC type stacking of the perforation
is evident from the matching of the 1st and 4th layers. Repro-
duced with permission from Ref. 67; Copyright 2007, ACS pub-
lications.

Ist and 3rd layers exhibit a systematic shift of the perfora-
tion positions while the 1st and 4th layers showed a perfect
match. Thus, the ABC type stacking, rather than the AB
stacking, is evident in the HPL morphology.

The phase transition between DG and HEX structures in
block copolymers or in micelles has been studied exten-
sively also,*#953-556266109110 There js a consensus that the
phase transition between HEX and DG has an epitaxial rela-
tionship between {121} and {10}uex, and between <111>pg

direction and the HEX cylinder axis, respectively. Most of
experimental studies dealt with the phase transition from
HEX to DG since the HEX phase can be easily oriented and
the aligned HEX structure facilitates the investigation of
the structural relationship before and after the phase tran-
sition, 4449545562109 R ecently, Honda et al. reported that a dif-
ferent epitaxial relationship can be found under external
field, such as shear field by theoretical study.®

We also used PS-5-PI thin films for the study of epitaxial
relation between DG and HEX.? Figure 13 shows the TEM
images and GISAXS patterns of DG (a and d), HEX (¢ and
f) and their coexisting phases (b and e) of ~700 nm thick SI
film on silicon wafer. TEM images evidence that the block
domains in the thin films are well orientated parallel to the
substrate plane due to the preferential wetting of PI block.
The plane of DG structures shown in Figure 13(a) and (b)
are {111}, characterized by the wagon wheel-shaped struc-
ture, and that of HEX structures in Figure 13(b) and (c) are
{11}1x and the plane perpendicular to the cylinder axis,
respectively. According to the TEM images, {111}ps and
{121}pg appears to convert to {11}uex and {10}ygx, respec-
tively.

The orientation persists in the coexisting structure as can be
seen in Figure 13(b) and (e). The diffraction angle of {121}p¢
is very close to that of {10}yzx. The corresponding interpla-
nar spacing of {121}pg and {10}x are 24.1 nm and 23.8 nm,
respectively. However, there is a limit in figuring out the
structural relation between DG and HEX from the TEM and
GISAXS data because the film has a polycrystalline struc-
ture of which in-plane orientation of the grains is random."

Figure 14 shows a 3D-image and its cross sectional images

Figure 13. Cross-sectional TEM images and GISAXS patterns of DG (a and d), coexisting structure of DG and HEX (b and €), and HEX
(c and f), respectively. GISAXS patterns were acquired at an incident angle of 0.20°. The planes of {121} and {10}x are parallel to
the substrate and they are epitaxially transformed during the phase transition. Reproduced with permission from the supporting informa-

tion of Ref. 29; Copyright 2009, ACS publications.
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Figure 14. (a) 3D reconstructed image of coexisting structure of
DG and HEX. The dimension of the hexahedron is 400, 200, and
80 nm (x, y, z). In this image, only PS domain is shown. (b) TEM
image of the sample region from which the 3D image was recon-
structed (boxed area). Here, z is the direction of incident electron
beam and xz is the film plane. (c)~(f) Images of the cross section
illustrated in the hexahedron. PI block was stained with OsO, and
appears darker. Reproduced with permission from the Ref. 29;
Copyright 2009, ACS publications.

of the transitional structure after computerized tomography
reconstruction. In the 3D-reconstructed image, Figure 14(a),
only PS domain is shown and this hexahedral image was
taken from the rectangular box area in the TEM image
shown in Figure 14(b). The dimension of the hexahedron is
400 nm, 200 nm, and 80 nm (x, y, z). Here, z is the direction
of incident electron beam and xz is the film plane (i.e., sub-

Macromol. Res., Vol. 17, No. 6, 2009

strate surface plane). Figure 14(b) clearly shows the grain
boundary region of the coexisting DG and HEX phases.
HEX cylinders are oriented nearly along the x axis direction
while DG phase shows the {111}pg plane characterized by
the wagon wheel-like structure.

To better appreciate the 3D-structure of the epitaxial rela-
tionship between DG and HEX, several cross-sectional images
of the hexahedron are displayed in Figure 14(c-f). The cross
sections are illustrated at right of Figure 14(b). Figure 14(c)
is a view of the HEX grain perpendicular to the cylinder axis
while Figure 14(f) is the image of {220} g, which is orthogo-
nal to both {121} and {111}pg. It indicates that the HEX
cylinder axis is perpendicular to {220} and parallel to both
{121}pg and {111}pg. Figure 14(c) and (d) show the images
consistent with this picture. Figure 14(c) shows the coexist-
ing {10}y and {121} pg. Figure 14(d) is an expanded version
of Figure 14(b), but more clearly shows coexisting {11}uex
and {111}p; by virtue of being a cross sectional image. There-
fore, it is unambiguously confirmed that {121}pg and {111}pg
were converted to {10}ex and {11}4ex, respectively, which
has not been reported in the earlier works.

Summary

Some of the useful tools in the investigation of block
copolymers were described in this feature article, which has
been utilized in our recent research. Fractionation by 2D-LC
is an efficient method to analyze a block copolymer for its
distribution in molecular weight as well as in composition.
Furthermore, a small scale fractionation is also possible.
The LC fractions of an anionic-polymerized diblock copoly-
mer showed a variation of ~15% in average molecular
weight as well as ~10% in composition. They make a good
set of block copolymers, which have very narrow distribu-
tion in both molecular weight and composition within the
variation in the average value of 10-20%. For the analysis of
transitional structures, TEMT made it possible to observe
3-D inner structure in block copolymer. And it provided
local but detailed information on the near-grain boundary
structure.
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