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Direct 3-D Imaging of the Evolution of Block been conducted using various scattering methods (especially
Copolymer Microstructures Using Laser Scanning light and X-ray) which can follow the change of morphology
Confocal Microscopy in situ0-12 put scattering methods have limitations on deter-

mination of the complete 3-D structure and to investigate the
local nonperiodic structures that often nucleate transformations
and control properties.

) ) ) ) Laser scanning confocal microscopy (LSCM) is an optical
Department of Materials Science and Engineering, microscopic technique capable of 3-D imaging of microstruc-
Massachusetts Institute of Technology, Cambridge, tures in a nondestructive manner and has been widely used in
Massachusetts 02139 biology and mediciné® In LSCM, a 2-D optical image is
Receied May 20, 2007 generated by performing a raster scan of foc_used laser probe
Revised Manuscript Recegd July 6, 2007 across a focal plane. The optical signal emanating from the focal
- . - spot is sent to a photon detector through confocal pinhole such
Block copolymers (BCPs) exhibit various periodic Structures s ot of-focus signals are effectively eliminated. In this
created through microphase separation with tunable size andy,anner, 2-p optical sections collected at different focal planes
shape of microdomains via choice of molecular weight, ... pe recorded to provide a 3-D image of a thitk<(
composition, and chain architecture and with the addition of 1004m) specimen. LSCM has been successfully employed for
plasticizers or homopolymetsin order to tailor the desired 3-D imaging of various systems such as living c&licolloidal
properties of BCPs, it is critical to gain a fundamental .. qia61617gnd liquid crystalline domain structur8SLSCM
understanding of the 3D structural details of these matetials. |35 4150 used for morphological studies of polymeric materials
Various microscopic toqls such as tral_nsmlssmn electron mi- such as homopolymer dgéland polymer blend® Because of
croscopy (TEM)' scanning electron MICroscopy (SEM), and ¢ resolution limit of LSCM, which is imposed by diffraction
atomic force microscopy (AFM) have been utilized to extract ¢ yhe probe light, typical BCPs that have a microdomain period
detailed morphological information on BCPs. TEM has been ¢ «averal tens of nanometers cannot be imaged by LSCM.
extensively used for a real-space cha}racterizat_ion _of s_elf- Recently, ultrahigh molecular weight-((° g/mol) BCPs have
assembled BCP morphology due to its superior imaging peen syccessfully prepared for creating photonic cry4gté3
capability down to near atomic length scaleBEM imaging gjnce the microdomain size of these “photonic” BCPs is large
of BCPs, however, requires preparation of a very_thln sqmple enough to interact with visible light, they can be also character-
(<100 nm) for electrons to pass through, but organic specimens;,qq using the LSCM techniqi.In this communication, we
are often subject to electron beam damage (i.e., mass loss an‘?eport a 3-D optical imaging of high molecular weight BCP
dimensional changes). Because polymers have similar eIeCtronmorphoIogies including following dynamic microstructural
densities, selective staining of a specific domain may be changes in real space enabled with reflection-mode LSCM.
required. Each TEM image is a 2D projection of the finite The photonic P3-PI BCPs with lamellar and cylindrical

sample thickness along the incident beam direction so informa- s I RS :
tion on the 3D microstructure requires a systematic tilt series. morphologles_were prepared by anionic polymerization, in \.Nh'Ch.
styrene and isoprene monomers were added sequentially in

SEM is useful for obtaining a 3-D image of the BCP micro- . L
structure if the sample can be suitably etchétbwever, both cyclohexane/ benzene. mlxed solvéﬁWhen a polym_erlzatllon
! proceeded for a sufficiently long time, the reaction mixture

TEM and SEM cannot follow morphological changes of a o : .

specific area due to the cross-linking from the electron beam. began to eXh'.b't reflective colors as the syn_theS|zed bl(.)(.:k
Besides electron microscopy techniques, AFM is a useful tool copolymer_chalns self_-assem_ble at an order-to-disorder transition
in the study of near-surface morphologies of BCPs, providing concentragc_m and hdlffra(;]'[ I'ght of a La{;}'fdﬁ_hc’f walvelelngths
information about surface topography (height-image) and surfacesvoeri;ehstpgg dmcgor:*(n)pésiet::)r? O??Q:; é’g)gs are 8;1 1r850 geﬁrl:jr
properties of the different domains (phase-imagias well as (PDI: 1.08) and 57/43 (PS/PI, wiw) for the lamellar-forming

serial sequences on the evolution of deféd®ecently, BCPs )

have also been characterized by transmission near field scannin FP /(SL’}M) ta;]nd 1'|1'5(>;|< 10: g/mol (BP([:)|I:> 1.05) an(zlj 2t2/78.(P§/
optical microscopy (NSOM), which was the first attempt at » Wiw) for € cylinder-forming (Bk) as determine .
optical imaging of BCP morphologyin that study, individual by gel permeation chromatog_raphy (GPC) and nuclear_magnetlc
lamellar microdomains and defect structures of poly(styrene- E?ngggg é’;‘)g';égrt‘:éy;sigagkﬂf olfzscr;sgiw?cjoEtgﬂmrgsz;?rz%?eh
b-isoprene) (P®-PI) BCP were characterized using NSOM with of slow-cast and annealed (130 in vacuum, 24 h) Shy after

polarization modulation polarimetry. Y o
_ o : taining in OsQ@ for 3 h. The lamellar period i$~200 nm
These real-space characterization methods mentioned abov 110 nm for PS and 90 nm for Pl).

are, however, not very suitable for tracking dynamic processes "~ ] o
of phase behavior of block copolymers in bulk in real time. _Films (thickness-50.m) of the lamellar and cylindrical BCP
Given these limitations of the various microscopy tools, most (Slaw and Styi) were prepared by casting the BCP solutions

previous studies on the evolution of BCP microstructure have in toluene between a slide-glass and a cover-glass. Since the
PSb-PI BCP does not contain any fluorophore, the samples
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Figure 1. (a) TEM micrograph of Shw showing the lamellar
morphology, where dark regions correspond to Pl domains stained with
OsQ, and the bright regions correspond to PS domains. (b) Reflection
mode LSCM imagesxf-scan) of dried, as-cast @iy BCP showing
lamellar morphology in a 5@m film between glass substrates. Ar ion

laser probe operated at 488 nm was scanned near the center of the

film. (c) 3-D LSCM micrograph of the microdomain structure of spl
near the center of the film generated by accumulating 20 reflection
mode LSCM imagesxf-scan) taken at different axiat)(position with

a depth incrementA2) of 122 nm.

of various nonfluorescing species such as nonlabeled Zells,
colloidal particles,” and block copolymer&! The small refrac-
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tive index contrast An 0.08) between the PS and PI
microdomains enabled the probe light to pass through the sample
without a significant scattering loss and to collect the morpho-
logical information. Figure 1b shows a reflection mode LSCM
micrograph of a dried as-cast &} film. The LSCM image
shows a lamellar morphology composed of domains with various
lamellar orientations, which was obtained near the center of the
sample. Locations that display larger spacing represent regions
of tilted lamellae while the magnified region in Figure 1b is of
lamellae oriented with their normals parallel to the substrate.
The domain periodicity of perpendicularly ordered lamellae is
about 190 nm, which is in a fairly good agreement with the
value obtained from TEM.

The cylinder-forming BCP (Sl.) could be also imaged at
the domain level by LSCM?# A 50 um thick film of the dried
and annealed &}, sample was examined by reflection-mode
LSCM and showed the variation of the microdomain orientation
with respect to the distance from the substrate/superstrate (see
the Supporting Information). When LSCM images were taken
near the polymerglass superstrate~l um depth from the
upper surface), the cylindrical microdomains that are oriented
parallel to the substrate were mostly observed due to the surface
effect while the images taken near the center of the film
thickness (2Qem depth from the upper surface) displayed more
random grain orientations including perpendicularly ordered
cylindrical domains.

Two unique features of the LSCM technique are (1) its
capability of 3-D depth profiling and (2) its ability to monitor
dynamic morphological phenomena in real space. When a series
of 2-D lateral imagesxy-plane) are scanned at different depths,
one can graphically reconstruct a 3-D profile of the sample as
shown in Figure 1c. To obtain this 3-D LSCM micrograph, 20
xy-images were taken from the @ly sample with different
z-positions Az = 122 nm) near the same sample position where
Figure 1b was obtained. (A typical 3D image acquisition time
is about 20 s for a stack of 20 slices, eagcly slice having
512 x 512 pixels.) Viewed from cross-sectional planes (i.e.,
xz- andyzplane), it is evident the lamellar domain interfaces
are tilted with respect to theaxis. LSCM also allows a real-
time observation of dynamic phase behavior of BCPs due to
the fast scanning rate (less thd s per frame) and the
nondestructive imaging mechanism. As an example, we inves-
tigated a BCP gel composed of &k and cumene confined
between two circular glass substrates while solvent evaporation
occurs along the radial direction. First, a small aliquot ehg!
solution in cumene~<20 wt % of polymer) was placed between
a microscope slide and a coverslip having a diameter of 18 mm.
The sandwiched BCP gel showed a bluish-green reflective color
above its orderdisorder concentration (ODC) and was exam-
ined under LS® 5 h later. Parts a and b of Figure 2 are lateral
(xy-plane) LSCM images of $Au taken at the mid-position of
the sample thickness, at the sample center Q mm) and near
the sample edge ¢~ 7 mm). As shown in Figure 2c, the sample
exhibits rainbowlike colors by reflecting a different range of
visible light depending on the radial position of the sample.
The corresponding cross-sectionatplane) LSCM images are
shown in Figure 2d,e, and a schematic representation of the
cross section of the sample is depicted in Figure 2f.

Itis interesting to note that the thickness of the confined BCP
gel varies with radial position. The observed film thickness
variation may be explained by a combination of two factors:
(1) As solvent evaporation occurs, a concentration gradient along
the radial direction develops (the arrow in Figure 2¢) and mass
transport of polymers molecules occurs from the center toward
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Figure 2. Reflection mode LSCM images of the thin layers ofsml/cumene gel sandwiched between two glass slides. The images were captured

5 h after initial sample preparation. (a) and (b) show in-plane LSCM imagescén) taken at the center{ 0 mm) and near the edge ¢ 7 mm)

of the sample, respectively, and (c) is a photographic image for the top view of the sample with black background under white light illumination.
The images (d) and (e) are cross-sectional LSCM imagesdan) taken at the center and the near the edge, respectively. The thickness variation

of the sample along the radial direction is schematically represented in (f) to help readers understand the sample configuration better @ length sca
along thicknessZj direction is exaggerated. Note that due to the increased segiseginent interaction and the radial material flow during solvent
evaporation, the total film thickness is 43% thicker near the edge than at the center.

[ | [ |
10 um 10 um

Figure 3. Reflection mode in-planexy-scan) LSCM images of §{w/cumene mixture taken every 20 s. Three consecuip@cans show merging
of two lamellar domains while slowly moving together in the direction of concentration gradient. The arrow indicates the direction of motion of the
lamellar microdomains.

the edge (vide infra). (2) As the solvent content in the BCP gel in the xzimages do not therefore represent individual micro-
decreases, the effective segregation strength (or Fldoggins domains but arise from sets of several layers.

interaction parametenps-p)) between the unlike blocks in- Somewhat surprisingly, as a result of the induced concentra-
creases® and therefore the BCP chains become more extendedtion gradient and thickness profile, we observed that material
near the sample edge, resulting, for example, in the increase offrom the sample center moves toward the edge of the sample.
macroscopic film thickness from-7 um at the center to  With the capability of LSCM techniques to enable a real-time
~10 um at a position 2 mm from the edge. A more detailed imaging in a nondestructive manner, we were able to actually
treatment for this solvent effect upon microstructure and optical observe the movement of microdomains along the radial
properties of photonic BCPs will be provided in a separate direction. Figure 3 shows sequential LSCM latepvaf-plane)
publication. LSCM also reveals that the lamellar microdomains images from the same sample used in Figure 2. Three
become somewhat disrupted as the film dries: initially excellent micrographs taken at 20 s intervals at the same sample position
parallel microdomain orientation is observed near the center of show that two adjacent lamellar microdomains (A and B) move
the sample, while expansion of the layers and mass-transportalong the radial direction (indicated by the arrow), and their
thickening during solvent evaporation causes layer tilt. Note in boundaries merge together as domain B catches up with domain
Figure 2 that the resolution of LSCM along the optical axis A. For a 40 s time interval, these domains moved with an
(z-axis) is poorer than the lateral counterpart due to the axially average speed of 200 nm/s. Since the sample shown in Figures
elongated shape of the laser focus. The layered features eviden? and 3 is a viscous lyotropic BCP, the shear force exerted by
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the surface of glass substrate should be a function of the distance (2) Park, C.; Yoon, J.; Thomas, E. Polymer2003 44, 6725-6760.
from the sample surfaces as well as a function of the local (3) Thomas, E. LThe Encyclopedia of Polymer Science and Enginegring
concentration of the solvent. Utilizing the real-time, real-space John Wiley: New York, 1986; Vol. 5.

imaging capability of LSCM technique, further study will follow (4) Urbas, A. M.; Maldovan, M.; DeRege, P.; Thomas, EAtly. Mater.

; X . 2002 14, 1850-1853.
on the evolution and the dynamic behavior of BCP morphol- (5) Hamley, I. W.; Connell, S. D.; Collins, Sdacromolecules2004

ogies. 37, 5337-5351.
In summary, this work demonstrates that LSCM can provide  (6) Harrison, C.; Adamson, D. H.; Cheng, Z.; Sebastian, J. M.;
detailed 3-D optical imaging of ultrahigh molecular weight BCPs Sethuraman, S.; Huse, D. A.; Register, R. A.; Chaikin, PSklence

having lamellar and cylindrical morphologies. Without need for 2000 290 1558. )
Schwark, D. W.; Vezie, D. L.; Reffner, J. R.; Thomas, E. L.; Annis,

any sophisticated sample preparation steps (e.g., microtome and/ ™ B. K. J. Mater. Sci.. Lett1992 11, 352.
or staining for TEM), structural details of lamellar microdomains gy chen, J. T.; Thomas, E. L. Mater. Sci.1996 31, 2531-2538.

of as-cast Shm were successfully obtained in 3-D by LSCM. (9) Fasolka, M. J.; Goldner, L. S.; Hwang, J.; Urbas, A. M.; DeRege,
Through depth profiling of the annealed:%l specimen, grains P.; Swager, T.; Thomas, E. Phys. Re. Lett. 2003 90, 016107/
of the cylindrical domains are found to be oriented parallel to 1-016107/4.

the surface at the vicinity of glass substrate but more randomly (10) th?LStarac'-; N¢Egﬂrﬁﬁg}gﬂﬂf;'fg;,Zez%a”zigggggigma'agadda' SV
ordered near the center of the specimen. Because of the fast Y, B - S i -

- i . - (11) Cohen, Y.; Albalak, R. J.; Dair, B. J.; Capel, M. S.; Thomas, E. L.
scanning capability and noninvasive nature of the confocal Macromolecule200Q 33, 65026516,
Imaging technique, LSCM can ?'50 be used to explore the (12) shin, G.; Sakamoto, N.; Saijo, K.; Suehiro, S.; Hashimoto, T.:
dynamics of BCP phase behavior. In the present study, the Amemiya, Y.Macromolecule200Q 33, 9002-9014.
motion of microdomains during drying of a lamellar gel sample  (13) Halbhuber, K. J.; Konig, KAnn. Anat.2003 185 1—20.
was visualized by LSCM. (14) Sokol, D. L.; Zhang, X.; Lu, P.; Gewirtz, A. MProc. Natl. Acad.

Sci. U.S.A1998 95, 11538-11543.
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