9032 Macromolecule2007,40, 9032-9039

Direct Visualization of the Perforated Layer/Gyroid Grain Boundary
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ABSTRACT: Morphology of grain boundaries observed during oraeder transition at the perforated layer
(PL)/gyroid interface was investigated by electron tomography in a polystynleckpolyisoprene (Sl)/polystyrene

(hS) blend. As a general result, 3D analysis shows the nonrelated orientation of the growing gyroid phase relative
to the consumed PL grain: a nonepitaxial transition. This is a predictable result due to the nucleation of PL and
gyroid grains in the sponge phase, with random orientation. In few cases, however, epitaxy was observed with
part of the PL phase orientation conserved by the growing gyroid, a rare situation potentially resulting from the
nucleation of the gyroid grain into the PL phase, or from the lucky match between both grain orientations. For
both epitaxial and nonepitaxial grain boundaries, the Pl and PS phases were found continuous through the grain
boundary. For nonepitaxial transitions, connections were observed at the grain boundary between the otherwise
independent PI gyroid networks. These networks remain independent through epitaxial transitions, each of them
being connected, with a regular pattern, to one out of two perforated layers. With clarification of these complex
morphologies, electron tomography demonstrates again its usefulness for polymer science.

Introduction and lamella morphology obtained by mechanical sR&#t.
These orderorder transitions (morphological transitions of
microdomains) have been reported to be epitabdaf32 even
though this term is misleading. In a strict sense, epitaxy exists
between a crystalline substrate and a layer of different material
crystallizing on top of it, with a match between both lattice
orientations. For block copolymers orderder transitions, one
phase consumes another, a situation different from strict epitaxy.
Morphological changes are achieved without long-range trans-
port of material, preserving the orientation of some lattice planes,
this last point motivating the epitaxy label. After this clarifica-
tion, we will use the term epitaxy for the sake of consistency
with the literature.

The gyroid cubic phasdd3d) observed in block copolymer
systems has been extensively studied since the identification
of this complex morphology by Fster et al: for polystyrene-
blockpolyisoprene (P$®-PI) model diblock copolymer in 1994.
Previously confused with the ordered bicontinuous double-
diamond (OBDDY the gyroid morphology is composed of a
matrix (the majority component) constructed over the Schoen
G minimal surface and two interpenetrated networks (minority
component) imbedded in this matrix. The stability of this
morphology was observed both experimenfalipd theoreti-
cally* from weak to strong segregation regimes. The gyroid is
found over narrow composition windows in the phase diagram
of the PSb-PI5 and other diblock copolymers and copolymer/ In previous works cited above, indirect observation of epitaxy
homopolymer blends. The occurrence of this morphology is not was generally performed by small-angle X-ray scattering
limited to block copolymers and was previously observed in (SAXS), a very powerful tool to get structural information

lipid—water systenfsand in cell membranes.In addition, averaged over a large sample volume but incompetent to provide
surfactant can be used to grow mesoporous oxide materials (fordetailed analysis at the scale of the grain boundary. To address
example, mesostructured germanfiand silicd MCM-48) with this problem, some of the previously cited papers provide direct
gyroidal channels. transmission electron microscopy (TEM) images of the epitaxial

With a matrix and two networks all continuous in the three grain boundary: gyroid/cylinder for Fster et al} gyroid/
dimensions of space, the gyroid is a very appealing morphology lamella for Hajduk et al?®> and recently gyr0|d/hex§gqnally
for nanotechnology applications, like photonic cryst4is perforated layer (HPL) for Park et @ However, only limited
separation membran&or membrane reactdés 7 (supporting mfo_rmgtlon can be obtalnt_ad from these TEM_ images which are
catalyst nanoparticles). However, for some of these applications,Projections (2D) of three-dimensional (3D) objects and therefore
like photonic crystals, a strict control of the defects (grain cannot reveal 3D information of complex structures. In the
boundaries, lattice defects, etc.) found in the gyroid phase shouldPresent work, we use electron tomography (3D-TEM) to
be achieved, which requires a good knowledge of the growth circumvent th!s issue anql explore individual but representative
process. For block copolymers, it is now established that the gyroid/PL grain boundaries.
gyroid phase develops through a nucleation and growth 3D-TEM consists of the reconstruction of 3D objects from a
process& 20 consuming a previously developed and unstable set of projections (2D TEM images). This process was first put
morphology like the long-lived nonequilibrium perforated layer into practice by DeRosier and Klug in 1988nd principally
(PL) morphology?! the sponge morphologd,or the cylinder developed for biological studies up to recerfiyaD-TEM can,

however, be a very powerful structure analysis tool for material
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alloy.polym.kyoto-u.ac.jp. materials?®-37 chromatographic absorbertsilica/rubber nano-
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composites? copper interconnect in the microelectronic fiéfd,  slightly increase from 50 to about 55% w/v during the 3 months.
and of course block copolymer morpholofy?” to cite only a Finally, solid films were obtained through a slow evaporation over
few. Among these, block copolymer grain boundaries have been? days. Films were further dried under vacuum for 2 days at room
studied by 3D-TEM by Jinnai et a1%4"these two studies were, ~emperature (no annealing). This process was used instead of the
however, focused on grain boundaries between identical mi- More classical thermal annealing to give enough mobility to obtain
crostructures, lameltalamellae and cylindercylinder, respec- ~ 2.900d microphase separation of the high molecular weight polymer
tively. From the general acquisition of a tilt series of bright chains used in this study. Ultrathin sectiorslg0 -200 nm) were

field TEM i | f 190107 al cut on a Reichert Ultracut E ultramicrotome -aL00 °C using a
1€ Images over an anguiar range o alonga — ¢ryo kit (Leica EM FCS) and collected on copper grids (100 mesh)

single axis, several improvements have been reported recentlycovered by a polyvinyl formal membrane. Sections were stained
to improve the resolution of the 3D-TEM technique applied to ith the vapors of 2 wt % @i(aq) at room temperature for 1 h
material science. For example: use of dual axis tomography to (selective staining of the PI phase, darker in TEM images). Fiducial
minimize the “missing wedge*®4° use of nonconventional  gold markers (diameter 25 nm, Polysciences, Inc.), required
sample shape to maximize the accessible angular Eigand for image alignment, have to be regularly spread over the sample
use of STEM Z-contrast imaging to avoid diffraction contrast sections to observe grain boundaries with the right amount of
in crystalline sample® In the present work, the above- markers for 3D-TEM. The deposition, with a syringe, of a droplet
mentioned improvements were not necessary to study the gyroid/0f 90ld agueous colloid solution on the surface of the sample usually
PL grain boundary complex morphology by 3D-TEM, and results in irregular spreading of the gold particles. This is not a
images were acquired manually (manual rotation, manual problem for homogeneous samples, but this type of spreading is

i d | f | inal s frolD t useless for analysis of isolated features like grain boundaries. A
E)i—%s(lfl(t)irllt’ aar?gler:?)r;u: rggtjjlz)r ?I'Erl:/lg a singie axis, frow 1o new process was then developed to improve the marker spreading:

(1) the sample surface was turned hydrophilic & 5 s glow

In this paper, we will present a thorough 3D analysis of two discharge (plasma cleaner, no sample damage observed); (2) the
individual grain boundaries, respectively, representative of gold aqueous colloid solution (about 2810 particles per mL)
random and epitaxial connections of gyroid and PL morphol- was sprayed over the sample using a “pocket perfume spray bottle”.
ogies. These morphologies developed in a copolymer/ho- The_ density of microdrop_lets reaching the sam_ple was reduced (to
mopolymer blend (P®-PI/PS) during slow solvent evaporation. avoid flooding) by spraying through a tube (diameter 8 mm, 10
Use of a copolymer/homopolymer blend instead of pure ¢M long). Twenty sprays, spaced by about 1 min to let water
copolymer eliminates the need for multiple synthesis of block ﬁ\_/apilore;:]e, were rllecessary to gchleve tthg :'ght gensnt);]of rﬂarkers.
copolymer with a narrow composition and gives access to Iargere]'cpea::g/ € samples were carbon coated fo reduce the charging
microdomain domain-spacing. Indeed, the blend has a lower

; : P : 3D-TEM. A series of 121 TEM images were collected frer60
viscosity than the pure copolymer with identical morphology. to +60° tilt angles at an angular inte%val of bn a JEOL (JEM-

As reported in another papgrwe found two different growth  2000Fx) transmission electron microscope operated at 200 KV.
paths for the gyroid in the complex window of the blend studied |mages were recorded on a Gatan BioScan (102#024) CCD
(a narrow composition range where gyroid morphology is camera at a resolution of 2.15 nm/pixel. Alignment of the tilt series
observed along with other complex morphologies like PL and was performed, tracking at least 15 gold particles with software
sponge). Gyroid grains were indeed observed to grow either developed in our laboratory (least-squares method, Michael C.
from the sponge or from PL, depending on the composition of Lawrencé?). 3D reconstruction was performed by filtered back
the blend. The growth of the gyroid from PL was observed to Projection (FBP) using TEMography 2.0 (JEOL). First a large
result in better quality gyroid crystals, which motivated the volume was reconstructed: 656656 x 340 (dimensions in pixel

; ; alongy, y, andz directions). This volume (sample section, less than
gfnsggénsgf[i{]et%rg:zctljdoitsd;?}? Ig\rlce)fess of this ordeder 100 pixels thick, surrounded by empty pixels) was then filtered by

a 3 x 3 x 3 median filter for noise reduction. Analyze 7.0
. . (AnalyzeDirect) was then used to trim the filtered volume keeping
Experimental Section only a volume of interest to be further analyzed. During this process,

Materials. A PSb-PI diblock copolymer (Sl) and a PS ho- outer layers of the §ample presenting cut;ing shear are .rerr)oved.
mopolymer (hS) were synthesized via living anionic polymerization. Finally, 3D analysis of the volume of interest (binarization,
The molecular weightvl, = 79 (SI) andM, = 44 kg moi? (hS), segmentation, and visualization) was achieved using Analyze 7.0.
and composition of the copolymer, 62 wt % (58 vol %) of It should be noted that the resolution of the TEM images is
polystyrene block (S), were measured by gel permeation chroma- assimilated here to pixel lateral dimension (2.15 nm). The resolution
tography (GPC) anéH NMR spectroscopy, respectively. This gives Of reconstructed volume is more difficult to estimate, but using
an hS/S ratio of 0.90 (wet brush regime, close to dry Bif)sh  standard estimatiort§we getd, (parallel to tilt axis)j= TEM image
Polydispersity indices of 1.16 (SI) and 1.03 (hS) were measured resolution (2.15 nm)dy, = #D/N, with D = T/COS{tmax ), whereN
by GPC. Results reported in this paper correspond to a blendis the number of projectiond, the sample thickness, amghax the
composition of 67/33 wiw (SI/hS), i.e., 71.3 vol % of PSS maximum tilt angled, = 8—10 nm,d, = ke (Ex IS the elongation
hS). The blend was prepared by dissolving both polymers in toluene factor) with,
at 10% w/v (toluene is a neutral solvent for both PS and Pl and
was chosen for this reason). A copolymer/homopolymer blend was

ey

Cosaq,

max max

chosen instead of a pure diblock copolymer, as gyroid microdomains Gmax F SIN O
with larger domain spacing can be obtained with this type of blend
(equivalent domain spacing for lower molecular weight, possible
adjustment of the morphology via blend composition adjustment, andd, = 12—16 nm (depending on the sample thickness, from 150
no need for synthesis of precise composition). The 67/33 blend to 200 nm). These estimations are usually considered pessimistic.
composition was chosen as it corresponds to the growth path
resulting in bigger gyroid crystals as reported in another p&per. Results and Discussion

Sample Preparation.To induce self-assembly, the blend solution ) . )
was slowly concentrated over 8 days from 10 to about 50% w/v. WO types of grain boundaries observed in the same sample
The concentrated solution was kept for 3 months to give time for are analyzed below. The first one, a nonepitaxial junction, is
microphase separation; the solution concentration was observed tdllustrated in Figures £3 and the second one, epitaxial, in

Olax — SIN Oy 2 COS O o
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1.04

0.5+

2.54 Figure 2. Visualization of a gyroid/PL grain boundary: (&) original
portion of the TEM micrograph corresponding to the box area of Figure
T T 1; (b) summed voxel projection of the 3D reconstructed volume
simulating TEM image, no obvious distortion results from the
reconstruction process; (c) orthogonal digital slices of the reconstructed
I volume, thickness 1 voxel, i.e., about 2 nm (solid, dashed, and dot
dashed lines indicate position of the corresponding cross sections); (d)
\ ‘"" I 3D visualization of the Pl phase after binarization, hS and S are
.Il. _ || ||“||”” transparent; (e) orthogonal digital slices after segmentation of the
o T i || : i [ binarized volume, highlighting the two gyroid networks and the PL,
""'fi:'||||ﬂ|'1|F||-'"' L[ slices correspond to part c; (f) 3D visualization after binarization and
H |||‘||||||||”|U|""|Ih'|ii||": =l ' segmentation. Scale bars represent 100 nm.
411
0-0- " Y the PL phase. Gyroid and PL grains nucleate with random
-60 -40  -20 0 20 40 60 orientation in the sponge phase; therefore, PL grains surrounding
0 (°) gyroid have various orientations, and gyroid growth is generally
not epitaxial. We assume that epitaxial growth will only be
Figure 1. (a) TEM image, tilt angl® = 0°, extracted from a tilt series  gbserved when a gyroid grain nucleates inside the PL phase or
of 121 micrographs. Gyroid, PL, and lamella phases are observed as;nan by chance a gyroid grain meets a PL grain with adequate
well as gold fiducial markers used for image alignment. Dashed line: _ . f . .
tilt axis along which the sample was rotaté®C®. Box: position of orientation. It should be noticed that we use the term PL instead
the reconstructed volume presented in Figures 2 and 3. Scale barof HPL as our 3D-TEM observations have shown the absence
represents 200 nm. (b) Mean alignment errék({ averaged over 17 of a regular hexagonal organization of the perforations as

markers) as a function of tilt angl@) Vertical error bars represent  jjystrated later in this paper.

the standard deviation ilA[] Dotted and solid lines represent image . - .
resolution (2.15 nm= 1 pixel) andé averagedA(0.66 nm= 0.31 Small isolated black spots can be seen in Figure 1a; these
pixel), respectively. are gold fiducial markers, rather evenly spread over the sample

thanks to the “spray” technique. A total of 17 of these markers
Figures 4-7. We found the nonepitaxial grain boundary to be were tracked over the 121 images captured betwee@and
predominant in our samples. +60° tilt angle, to perform image alignment by the least-squares
Nonepitaxial Grain Boundary. A TEM image corresponding  method. The quality of the resulting alignment is illustrated in
to the central imaged( = 0°) of the tilt series used for 3D  Figure 1b by the plot of the mean alignment erid({ averaged
reconstruction of a nonepitaxial grain boundary is presented in over the 17 markers) as a function of tilt angtg.(As observed
Figure la. This image is representative of the coexisting in this graph, both standard deviation (vertical error bars) and
morphologies observed for this system: gyroid, PL, and [Aincrease with tilt angle. This comes from a decrease of
occasionally lamella grains. For this blend composition, as electron transmission as the path length increases with tilt angle,
reported in a previous paper,mainly PL and gyroid are resulting in the deterioration of image quality. However, high
observed to grow from the sponge phase, then gyroid consumegjuality of alignment was achieved with an average alignment
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Figure 3. 3D analysis of the gyroid/PL grain boundary presented in Figure 4. (a) TEM micrograph, tilt anglé = 0°, extracted from a tilt
Figure 2 (PS phase is transparent): (a and b) visualization of the defectsgeries of 121 micrographs. Gyroid, PL, lamella, sponge, and pure hS
located in the gyroid phase (connection between the two networks), phases are observed as well as gold fiducial markers used for image
two orthogonal view angles; (c and d) grain boundary visualization ajignment. The dashed line indicates the tilt axis along which the sample
after selectively removing the gyroid phase (c) or the PL phase (d); (e js rotated-£60°. The box indicates position of the 3D reconstructed
and f) visualization of an isolated network of the gyroid phase and its yolyme presented in Figures-%. Scale bar represents 200 nm. (b)
connections to the PL phase, two orthogonal view angles; (g and h) Mmean alignment errorfhL) averaged over 16 markers) as a function
idem for the other network. Scale bar represents 100 nm. of tilt angle (). Vertical error bars represent the standard deviation in

) ) ] [AL Dotted and solid lines correspond to the image resolution (2.15
error of 0.66 nm corresponding to 31% of a pixel (image nm/pixel) and thed averagedA(0.62 nm), respectively.

resolution: 2.15 nm). In-plane shrinkage was also measured to
account for sample damage under the electron beam and foundrhis comparison testifies of the good quality of the image
to be about 2.3% during series acquisition, which should not alignment. Figure 2c illustrates one of the advantages of
have a strong influence on the quality of the 3D reconstruction. tomography over standard TEM: the ability to observe digital
A box in Figure la indicates the position of the reconstructed slices (cross sections) as thin as one voxel of the reconstructed
volume of interest, later analyzed in Figures 2 and 3. volume. Clarity of the orthogonal cross sections presented in
After image alignment, 3D reconstruction was performed as Figure 2c contrasts with the much-complicated original projected
detailed in the experimental part. The TEM projection of the image (Figure 2a).
volume of interest identified in Figure 1a (cut from this TEM For complicated 3D morphologies like grain boundaries,
image along the box) is presented in Figure 2a side-by-side with binarization followed by segmentation make detailed analysis
the summed voxel projection of the 3D reconstructed volume easier by highlighting key elements of the morphology: gyroid
(Figure 2b). The two images are nearly identical, except for networks and individual PL in the present study. 3D rendering
the fiducial markers (trimmed away), distortion from sheared of the binarized volume is presented in Figure 2d, with the PI
surfaces due to cutting (trimmed), and part of the noise (filtered). phase visualized as solid gray and the PS phase (S plus hS)
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Figure 6. 3D analysis of the gyroid/PL grain boundary presented in
Figure 5 (PS phase transparent): (a and b) visualization of each gyroid
network clearly connected to one out of two layers of the PL phase
(the white arrow indicates the [111] direction); (c) visualization of the
gyroid defects (connections between the two networks, invisible in parts
a and b for clarity) from three orthogonal view angles; (d) enlargement
of the selected volume indicated by the white dashed boxes in part c,
. top and bottom views for both gyroid networks and defects, defects
el | only, and defects with each of the gyroid networks. Scale bars represent
X 100 nm.

Figure 5. Visualization of a gyroid/PL grain boundary showing
conservation of the orientation: (a) original portion of the TEM reconstructed volume. This threshold was then applied to the

micrograph c_orresponding to the box area of Figu_re 4; (b) summed fy|| volume of interest, as illustrated in Figure 2d.
voxel projection of the 3D reconstructed volume simulating a TEM After binarizati tinuitv of both PS and Pl oh
image, almost no distortion result from the reconstruction process; er binarization, continuity or bo an phases across

(c) orthogonal digital slices of the reconstructed volume, thickness 1 the grain boundary is easy to observe; however, clear under-
voxel, i.e., about 2 nm; (d) 3D visualization of the volume after standing of the connection between gyroid and PL is still
binarization, hS and S are transparent; (€) 3D visualization after gitficy|t due to the intricate gyroid structure. The Pl phase was

segmentation of the binarized volume; (f) orthogonal digital slices after . . - .
segmentation, highlighting the good match between the gyroid and pL then cut into subvolumes to identify the two gyroid networks

phase orientations, slices correspond to part c. Scale bar represent@nd the PL (divided in two groups to help visualization).
100 nm. Segmented volume is presented in Figure 2e,f, with orthogonal

cross sections corresponding to Figure 2c, and 3D rendering
invisible. Contrast between PS and Pl is strong enough to corresponding to Figure 2d, respectively. As observed in Figure
threshold the volume; however, fine-tuning to find the right 2e,f, the position of each gyroid network is much easier to
threshold value (representative of the local PS/PI composition understand after segmentation, as well as the grain boundary
of the sample) is not trivial, as the system studied is a blend, morphology. From these two figures, we can already understand
not a pure block-copolymer of known composition. Indeed, if that gyroid grows from the PL phase in a nonepitaxial way. PL
average composition of the blend is known, local composition does not show a good organization by itself, being tilted, bent,
is affected by heterogeneous distribution of hS (different and not regularly spaced at the vicinity of the grain boundary.
morphologies and pure hS domains are observed in this system)As observed, the poor organization of the PL phase does not
We, therefore, decided to use the gyroid phase as a referenceffect the almost perfect organization of the gyroid grain.
(higher regularity over other morphologies) and to attribute an  Electron tomography, providing a volume to analyze instead
arbitrary 66/34 (PS/PI) volume composition for this phase. The of a traditional TEM image, offers the possibility to observe
66/34 (PS/PI) volume composition corresponds to the lower the sample studied from various directions and to expose internal
boundary of the PI volume fraction range (338 vol %) for structures to get a full understanding of complicated morphol-
which gyroid morphology is usually observed in diblock ogies. Such a possibility is illustrated in Figure 3, where 3D
copolymers$»%7 As observed below, real Pl volume fraction in  analysis of the reconstructed volume presented in Figure 2 is
the sample might even be lower than 34 vol %, as perforations detailed. First, Figure 3a,b (two orthogonal views) highlights
of the PL phase are not perfectly resolved for this threshold. the presence of defects (shown in white) in the gyroid phase
Analyze 7.0 was used to determine the threshold value corre- (the two networks have been removed for clarity). Those defects
sponding to 34 vol % of Pl in the gyroid grain of the are connections between the gyroid networks, normally nonin-
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h of Figure 3 are similar to parts e and f of Figure 3, but for the
red network. It should be noticed that the defects described in
Figure 3a,b have been removed from the rest of the figures for
clarity. From this detailed analysis of a grain boundary, it is
clear that no special orientation is conserved through the
transformation of the PL phase into the gyroid phase. Therefore,
this grain boundary results from the random connection of both
phases and not from an epitaxial growth. This corresponds to
the situation generally observed for this system, due to the
simultaneous nucleation of both gyroid and PL grains in the
sponge phase. However, on a few occasions, grain boundaries
showing higher regularity and epitaxy were detected by regular
TEM observations. An example of this type of grain boundary
is presented in the next section.

Epitaxial Grain Boundary. To make comparison easier,
presentation of the epitaxial grain boundary is done sym-
metrically with respect to the nonepitaxial presentation, i.e.,
Figures 4 and 5 correspond to Figures 1 and 2, respectively.
Figure 4a consists of the central TEM image=t 0°) of the
tilt series used for 3D reconstruction of an epitaxial grain
boundary. Pure homopolymer (hS) and sponge phase are
observed in addition to gyroid, PL, and lamella in this TEM
image. Figure 4b illustrates the quality of the image alignment
by a plot of the mean alignment errd™( averaged over 16
markers) as a function of tilt angl@). High-quality alignment
was achieved with an average alignment error of 0.62 nm
corresponding to 29% of a pixel (image resolution: 2.15 nm).
In-plane shrinkage was also measured to account for sample
damage under the electron beam and found to be about 0.7%
during series acquisition, therefore negligible. A box in Figure
4a indicates the position of the reconstructed volume of interest,
later analyzed in Figures-57. Registration of the gyroid and
PL phases at the grain boundary can already be suspected from
this TEM image; however, in-depth 3D analysis of this
morphology is necessary to understand the exact nature of this
order—order transition.

Figure 5 presents, symmetric to Figure 2, the comparison
between the original TEM image (Figure 5a) and summed voxel
projection of the 3D reconstructed volume (Figure 5b), to testify
Figure 7. Analysis of the gyroid phase orientation relative to the PL {0 the good quality of th? series alignment. F|gu're—5(:
phase at the grain boundary (PS phase is transparent): (a) 3Dillustrates the process of binarization and segmentation of the
visualization of the grain boundary; (b) similar view angle of a simulated  original 3D reconstructed volume. In Figure 5c,f, one can also
g?ggglsg(yéffnﬂgﬁi a(l}/?jlig;)ﬁa?gli?:g?)(tmtr:gggig Srylsiar']'?ng;af’;'c observe the nonhexagonal organization of the layer perforations.
=22 nm y—z = 5 nm) of the grain boundary exhibit the gyroid In generql, large irregularities were qbserved in the pgrforatl_on
classical patterns; (d) orthogonal slices of the simulated gyroid with Organization and, when locally organized, the perforation lattice
similar patternsx—z planes correspond to (21¥);-y planes correspond ~ was observed to be cubic more than hexagonal. As already

stated, the threshold chosen, corresponding to 34 vol % of PI

to (220), andy—z planes correspond to (111); (e) 3D reconstructed
volume divided in two along the grain boundary with the layers of the in the gyroid phase, is certainly set a bit too high, as perforations
are not clearly resolved in Figure 5f.

\

| .._;
/1

PL phase parallel to the gyroid (111) plane.

tersecting. Origins of such connections are various: artifact,

Once segmentation is performed, in Figure 5e,f, it becomes

unrealistic threshold, or real defects, close to the grain boundaryobvious that perforated layers are alternatively connected to one

due to the in-process ordeorder transition. In parts ¢ and d

of Figure 3, the grain boundary is presented after almost full
removal of the gyroid phase (a thin layer is left at the junction
for identification of the connected network, yellow and red) and
after almost full removal of the PL phase (leaving also a thin
layer at the junction, for identification of the connected PL, green

of the gyroid networks then to the other but never to both

networks at the same time. Therefore, gyroid networks remain
separated through the grain boundary, contrary to what was
observed in Figures 2 and 3 for nonepitaxial grain boundaries.
Similar observations were recently presented by H. Jinnai at
the IMC16, Sapporo, Japan, SeptembeB32006 and are still

and orange), respectively. From these two views, one canunpublished, except for a note reporting direct observations (by
understand that almost each perforated layer is connected ta3D-TEM) of the coexistence of the HPL and gyroid phases
both of the gyroid networks, creating junctions between the two during the phase transitidf, confirming previous results

independent networks, a situation different from epitaxial growth obtained by grazing-incidence small-angle X-ray scattering by
as this will be developed later. In Figure 3e,f, the yellow colored Chang et af° However, these studies involve very monodisperse
gyroid network has been isolated from the red one, highlighting PS/PI diblock copolymerl{ = 1.01) with a molecular weight

its regularity and its connections to the PL phase. Parts g and(M, = 37 000) two times smaller than the one used here.
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Therefore they observed a very organized system, where HPLFigure 7c and compare well with similar patterns observed for
planes are aligned parallel to the substrate and the gyroid phase¢he simulated gyroid model in Figure 7d. The best match
nucleates at the vicinity of the substrate in the HPL phase, from between data and simulation is observed alongxthg planes
which it grows epitaxially with the (121) plane parallel to the (220), a predictable result since resolution is higher alongthe
perforated layers. Our system does not show epitaxy as a generahndy than along thez directions. (211) and (111) planes are
behavior, as gyroid grains were observed to nucleate principally more difficult to recognize in Figure 7c (in the-z andy—z
in the sponge phase and not in the PL phase. We assume thadligital slices, respectively), due to the lower resolution but also
the epitaxial grain boundary analyzed in Figures74results due to the shift between the gyroid lattice coordinates and the
from the nucleation of a gyroid grain in the PL phase or from coordinate of the reconstructed volume, illustrated by the tilt
the lucky match between orientations of a gyroid and a PL grain already observed in Figure 6a between [111] ancitiieection.
both nucleated in the sponge phase, a very rare event. Therefore, digital slices presented in Figure 7c are not supposed
To better visualize the grain boundary and the organization t© corresporjgl perfgctly to the patterns presgnteq in Figure 7d,
observed in the gyroid phase, 3D renderings of the three byt the S|mllltude is gooq enough for identification. Finally,
segments of the reconstructed volume are presented separatelfjigure 7€ is a 3D rendering of the reconstructed volume cut
in Figure 6. One of the two gyroid networks connected to half @/0ng the grain boundary, with the gyroid phase presented on
of the PL is presented in Figure 6a, Similarly the other gyroid the left side and the PL phase on the right side. Here again,
network connected to the rest of the PL is presented in Figure (111), (220), and (211) planes are not exactly parallel to the
6b, and 3D renderings (not cross sections) of the defectsSides of the reconstructed volume pointed out by the arrows
(abnormal gyroid networks connections) are presented from @nd indicated only as a guide to recognize the orientation of
three orthogonal views in Figure 6c. The dashed line box of the gyr0|d phase. After this identification of the gyroid orienta-
Figure 6¢ indicates the location of the enlarged volume presentedtion. it appears clearly that the PL planes transform epitaxially
in Figure 6d, viewed alternatively from top and bottom, with into the (111) plane of the gyroid.
both gyroid networks and defects, then defects only, and finally ~ As already stated, the system presented in this study is by
defects with only one of the gyroid networks. The double white nature not favorable to the epitaxial growth of gyroid grains
arrow in Figure 6a indicates the [111] direction of the gyroid from the PL phase, as nucleation of both phases generally occurs
lattice, almost perpendicular to the perforated layers planes atin the sponge phase, resulting in grains with inappropriate
least at the grain boundary (the gyroid lattice orientation was orientations. From the present study, it is impossible to conclude
determined after comparison of the reconstructed gyroid phaseif the epitaxial grain boundary described corresponds to a rare
and a gyroid model, through the identification of the gyroid nucleation of a gyroid grain in the PL phase or to another rare
cross-section patterns, as illustrated in Figure 7). This observa-event, i.e., the orientation match between a gyroid and a PL
tion is in agreement with the previously reported epitaxy grain both nucleated randomly in the sponge phase. The second

relationship for the HPL— gyroid transformation: [001}. possibility could explain the discrepancy observed between our
— [111]gyr0i-2858 As we observe PL and not HPL in our system, observations and the results obtained by Chang e®#.,
other epitaxy relationships observed for HPL gyroid trans- showing a different orientation of the gyroid grain relative to
formation are not relevant here. This finding is however in the PL phase. Indeed, there may exist more than one orientation
contradiction with results obtained by Chang e#%¥ who match resulting in epitaxial connection between the gyroid and
found an epitaxy relationship between HPL layers and the (121) PL phases, whereas only one epitaxial orientation might be
gyroid plane, instead of the (111) plane observed here. stable during nucleation and growth of gyroid grains into the

Figure 6¢ highlights the large number of defects (connections PL Phase.
between the two gyroid networks) that were found in this .
reconstruction. Figure 6d gives a detailed view of the defect Conclusions

positions relative to both gyroid networks. From this figure, We used electron tomography to study in detail the grain
we can see that defects are located on specific points where the,q\,ndaries observed during the PL to gyroid ordemder
gyroid networks are superposed along thelirection. This  transition in a PS-PI/PS blend. We observed two types of grain
observation suggests that these defects are artifacts resultingyoyndaries, epitaxial or not. Epitaxial grain boundaries were
from the “missing wedge” (the limited angular range sampled oyever found to be rare, due to the general nucleation of both
(+60°)), a conclusion supported by their homogeneous localiza- gyyoid and PL grains in the sponge phase. Only a rare nucleation
tion in the sample, mainly along the [111] direction (real defects ¢ gyroid grains in the PL phase or a rare “by chance” orientation
would certainly have a random localization). Defects are also match of a gyroid and a PL grain can result in the observed
principally found close to the sample surfaces, where artifacts alignment of both phases. For both types of grain boundaries,
resulting from cryo-sectioning are usually observ_ed. _It should e continuity of PS and PI phases through the boundary was
be stressed that the threshold chosen, overestimating the Phpserved. For nonepitaxial grain boundaries, perforated layers
volume fraction in the gyroid phase, enlgrges these artifacts but\yere found to connect both gyroid networks, creating bridges
that the defects are not created by this threshold, as defectsenween originally nonintersecting networks. For epitaxial grain
cannot be removed selectively by choosing a different threshold. o ndaries, each perforated layer is connected to a single gyroid
Nature of the epitaxy is illustrated with more details in Figure network; therefore, gyroid networks remain nonintersecting
7, where the lattice orientation of the gyroid phase is identified through the grain boundary. During gyroid epitaxial growth,
through a comparison with a simulated gyroid model. Figure PL layer planes are transformed into gyroid (111) planes. This
7a,b corresponds to the reconstructed volume and simulatedstriking morphology found at the epitaxial grain boundary could
model, respectively, with almost identical orientation of the have potential applications in nanotechnologies if associated
gyroid phase. Lattice planes of the gyroid model are identified with a perfect control of the nucleation and growth process (i.e.,
in Figure 7b. To make identification easier, digital slices of control of the nuclei position, growth rate, and quench of the
different thickness (11 nm for the-y section, 22 nm for the gyroid growth). Finally, this study highlights the interest of
x—z section, and 5 nm for thg—z section) are presented in  electron tomography applied to material science, when associ-



Macromolecules, Vol. 40, No. 25, 2007

Perforated Layer/Gyroid Interface in RSPI/PS 9039

ated with accurate binarization, segmentation, and visualization (25) Hajduk, D. A;; Ho, R. M.; Hillmyer, M. A.; Bates, F. S.; Almdal, K.

of the reconstructed volume.

Acknowledgment. This work was supported in part by a
Grant-in-Aid for Scientific Research (under Grant No. 17105004-

(S)) from the Japan Society for the Promotion of Science (JSPS).
V.H.M. thanks JSPS (Postdoctoral Research Program P05746)

for generous financial support.

Supporting Information Available: Five Quick Time movies

and one figure: TEM images series after alignment corresponding

to the epitaxial grain boundary presented in Figures4cross
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grain boundary presented in Figures# binarization and seg-
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