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ABSTRACT: The experiments described here were designed to characterize the location and orientation of a
single homopolymer chain embedded in a block copolymer lamella. We used scanning near-field optical microscopy
(SNOM) to image individual perylene-labeled poly(methyl methacrylate) (PMMA-Pe) chains sparsely distributed
in lamellar phases formed by poly(styrebenethyl methacrylate) (FSPMMA). By calculating the center of

mass (CM) of the PMMA-Pe chain, we found that the homopolymer chains were distributed throughout the
PMMA-rich domain layers, with the maximum CM population at the domain centers. The orientation of the
homopolymer chains is dependent on the location of the CM of the homopolymer in the PMMA block domain.
If the CM locates at the domain center, the homopolymer chain prefers an orientation parallel with the lamella.
If the CM is close to the block interface, the homopolymer chain tends to orient itself perpendicularly to the
interface. This location dependence of chain orientation is likely the result of the rotational freedom of PMMA-
Pe chains in the PMMA-rich domains of the PBMMA block copolymer lamella.

spatial distribution of the homopolymer chains in the block
domains. The conformation and orientation of the homopolymer
chains confined to the block domains have not been studied

Introduction

Melts of block copolymers undergo disorgarder transition
V&Cs)n gr]fj ptrhoed udc;gc;fe?eo;: Isgylll;;geﬂlznastig]r;je)zag;f:ezzsarirg%t.er due to the lack of suitable experimental techniques.
Confined by the covalent bond between blocks, block copoly- ~ Characterization of polymer chain conformations requires a
mers can only phase-separate on the microscopic scale and seltechnique that has both high spatial resolution and the capability
assemble into various ordered structures such as spheredlo distinguish the target polymer chain from the rest of the
cylinders, and lamellag The scale of block copolymer self-  matrix. Fluorescence technique appears to be a very promising
assembly is directly related to the sizes of the blocks. Therefore, tool in the studies such as polymer conformation, morphology,
the periodicity of self-assembled patterns formed by block and blend miscibility:213The merit of this technique is its high
copolymers is normally in the £0100 nm range. sensitivity associated with fluorescence (FL) detection. One

In recent years, there has been strong interest in studyingn€eds only a trace amount of the FL chromophore to acquire
homopolymer blends with block copolymers. When a ho- information about a system, and the system itself will not be
mopolymer A dissolves in a matrix of a block copolymebA- distorted significantly by the presence of the chromophore.
B, where the two constituent polymers A and B are immiscible, Among fluorescence techniques, fluorescence microscopy is
the homopolymer will be confined to the A-rich domain formed Vvery powerful in detecting a single dye-labeled polymer chain
by the block copolymer. This confinement results in entropy in a nonfluorescent matrix. But because of the diffraction Iivhit,
loss of the system. As an energetic compensation, individual the highest resolution of a conventional fluorescence microscope
homopolymers may have preferred locations, conformations, andcan only reach about half of its excitation wavelength. This
orientations in the block domains. significantly limits its application in characterizing the confor-

Studies of homopolymer localization in block copolymer Mation of a single polymer chain.
lamellae have been widely explored both theoretiédllsnd Scanning near-field optical microscopy (SNOM) is a novel
experimentally by small-angle X-ray and neutron scatteting, technique that breaks the optical diffraction barrier. As a member
transmission electron microscopytomic force microscopy, of the family of scanning probe microscopies, SNOM is
specular neutron reflectivity? and fluorescence resonance equipped with a quasi-point light source that has a diameter
energy transfel? If the concentration of the homopolymer is  much smaller than the wavelength of the excitation light. By

low enough, the presence of the homopolymer will not alter
the lamellar structure of the block copolymer. The location of
the homopolymer in the block copolymer lamella mainly
depends on the molecular weights of the homopolymeWA)(
and block A of the block copolymeiya). Briefly, if Ma <
Mpa, the homopolymer distributes throughout the A-rich domain.

scanning the sample surface at a very close distance, SNOM
can reach a resolution down to tens of nanoméetsThe
advantage of SNOM over other microscopy techniques arises
not only from its ability to create high resolution, spectrally
resolved optical images that allows one to study the objects
within nanometer scale, but also from its nature of operating

As Ma increases, A tends to concentrate in the center of the with light. As a complement to other techniques such as

A-rich domain!! To the best of our knowledge, all of the related

scanning tunneling microscopy, scanning electron microscopy,

research has concentrated on characterizing the localization ancind atomic force microscopy, SNOM is extremely useful in

nanoscience related to different optical properties, such as

*To whom correspondence should be addressed: e-mail aoki@ fluorescence, absorption, and polarization. In recent years,
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SNOM has been widely applied to many fields in polymer
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science such as studies on phase separation in polymerlend, through the aperture excites the perylene chromophores inside the
single-chain characterizations in polymer monolay&rand polymer film. The signal light from the specimen was collected by
investigations on the ordered structure of block copolyri&ts. & microscope objective (60 0.8 NA, Nikon) and split by a beam

In this paper, we describe SNOM experiments on imaging sampler. 4% of the collected signal was directed to an analog PMT

. H5784, Hamamatsu Photonics) to obtain the transmission image,
single perylene-labeled poly(methyl mathacrylate) (PMMA-Pe) gnd the rest was detected by )a photon counting PMT (H863gl,

homopolymer chains embedded in lamellar domains formed by j3mamatsu Photonics) after passing through a long-pass filter

poly(styreneb-methyl methacrylate) (PSPMMA). We inves- (| P02-442RS-25, Semrock) to acquire the fluorescence image. All
tigated the localization, shape, and orientation of single PMMA- images were recorded at a pixel size of 3.9 an8.9 nm and a

Pe chains in the PMMA-rich domain of the block copolymer pixel dwell time of 3.9 ms. With our experimental setup, the surface
lamella. In order to observe polymer chain conformations and topography (TP), fluorescence (FL), and transmission (TRANS)
distinguish the chemically distinct domains of the block images can be simultaneously obtained from the scanning area.
copolymer using SNOM, we chose PMMA-Pe and-H3/MA . .

with high molecular weights. The P MMA has a lamellar ~ Results and Discussion

spacing about 156 nm in bulk, and the two block domains can  synthesis of PMMA-Pe and Sample Preparation.The

be easily distinguished by SNOM. Our results show that the synthesized PMMA-Pe after fractionation had the molecular
PMMA-Pe chain has preferred orientation inside the PMMA  weight (M,,) of 2 300 000 g/mol and polydispersity index 1.3.
block domain, and this preference depends on the location of The GPC curve shows the PMMA-Pe free of unreacted dye
the center of mass (CM) of the PMMA-Pe chain. However, the monomers. It was found that 0.84% of the MMA monomer units
Shape of a PMMA-Pe chain is almost independent of the location in a PMMA chain had a pery|ene moiety attached to |t, which

of the CM of the homopolymer in the block. is sufficient to give detectable fluorescence signal from a single
. ) polymer chain but not high enough to alter the physical
Experimental Section properties of PMMA.
Synthesis of Perylene-Labeled PMMAPerylene-labeled poly- Treating block copolymer films with solvent vapor is very

(methyl methacrylate) (PMMA-Pe) was synthesized by radical helpful to obtain long-range ordered structu#&8We followed
copolymerization of methyl methacrylate (MMA) and 3-perylenyl  this method and treated the thick PBMMA films with
methyl methacrylate at S for 24 h. 2,2-Azobis(isobutyronitrile)  choroform vapor. The well-oriented lamellar structure inside

(Wako) was used as the initiator. MMA (Wako) was purified by the thick block copolymer film was significantly enhanced after

distillation under reduced pressure. 3-Perylenyl methacrylate mono- : )
mer was synthesized by the reduction of 3-formylperylene following the treatment. Although we were unable to obtain well-oriented

the Vilsmeiyer reaction of perylerié.The raw polymer obtained  'amellar patterrthroughoutthe film, the size of the area with
after polymerization was purified by fractional precipitation to Well-oriented lamellar structure in the thick film was large
obtain PMMA-Pe with narrow molecular weight distribution. The enough 10 um x 10 um) to obtain high-quality SNOM
molecular weight of the synthesized PMMA-Pe was determined images. We also found that solvent vapor treatment had
by gel permeation chromatography (D-7000G, Hitachi), with THF negligible effect on the lamellar spacing of PBMMA in bulk.

as the eluent and PMMA (American Polymer Standards Corp.) as The well-ordered lamellar structures inside the thick film have
the molecular weight standard. Signals were collected by tandemng preferred orientation relative to the film surface, resulting
Rl and UV (442 nm) detectors. The perylene fraction of the PMMA- i, oy treme difficulties in slicing the thick film in the direction

Pe was determined from UWis absorption spectra by assumin - . .
that PMMA-Pe and perylene have thepsame%xtinctioyn coefficiegnt pe_rper_1d|c_ular_to the Iar_nelle_lr aIternat_mg phases._ We sliced the
" thick film in different directions relative to the film surface.

Sample Preparation. Symmetric PSPMMA (molecular . - ; .
weight: 868 000 (PS)857 000 (PMMA) g/mol; PDI: 1.3) was All sliced thin films had thickness of about 50 nm. The acquired

purchased from Polymer Source and used without further purifica- 1 RANS images showed no relationship between the slicing
tion. We prepared four sets of PMMA-Pe/PBMMA mixtures direction and the lamellar spacing. We take this result to mean
(molar ratios of PMMA-Pe/PSPMMA: 1.6 x 1075, 3.7 x 1075, that the sliced ultrathin films can be treated as quasi-two-
6.4 x 1075, and 9.0x 1075), each of which was dissolved in  dimensional planes, and the cutting direction has no effect on
chloroform (reagent grade, Wako) to fora 2 wt %solution. The our SNOM results.

polymer solutions were spread on clean glass plates. After drying, gNOM Imaging of a Single PMMA-Pe Chain. The objec-

all of the films were annealed sequentially in chloroform vapor at tive of this research is to investigate the orientation and

room temperature (72 h) and in vacuum at 2@(24 h). In this - ) ) S
way, we obtained a thick film~30 xm), with long-range ordered localization of single PMMA-Pe homopolymer chains in the
PS-PMMA block copolymer lamella. We blended the PS

lamellar structure. e .
PMMA-Pe/PMMA thick film was prepared in a similar way, PMMA with different trace amounts of PMMA-Pe and imaged

but without the solvent treatment. PMMA standard (Scientific the ultrathin sliced films for each sample. The acquired FL
Polymer Products IncM, = 1 700 000 g/mol) was used as the images show that all fluorescent spots are homogeneously
matrix. We controlled the concentration of PMMA-Pe in PMMA  distributed throughout the sliced thin films. For each FL image
at 0.0025 wt %. The polymer solution (1 wt % in toluene) was (dimensions: 15%m x 15 um), we calculated the number
spread on glass plate and slowly dried at room temperature for 72density of the fluorescent spots by counting the number of
h. The dried thick film was then annealed in vacuum at 3GGor fluorescent spots in the image. Figure 1 shows the observed
24 h and at 170C for 48 h. number density of fluorescent spots at different PMMA-Pe/PS
All prepared thick films were removed from the glass substrates ppMA ratios. The number density of fluorescent spots is in
and sliced into ultrathin films~{50 nm) by microtoming (Ultracut 4504 agreement with the number density of PMMA-Pe chains
UTC, Leica mlcrosystems)_. The sliced ultrathin films were then in PS~PMMA matrix, based on the polymer molar ratio. This
mounted on cover glass slips for the SNOM measurements. indicates that one fluorescent spot in the SNOM FL images

SNOM Measurements.SNOM imaging was performed using . ) . .
a commerciab-SNOM (WITec) with a 441 nm laser (BCL-015- gggg;‘:ﬁgr"fngﬁxs'”g'e PMMA-Pe chain embedded in the block

440, CrystalLaser) as the excitation source. A cantilever probe was™~"" ) ) _
used to scan the sample surface in contacting mode. The probe has Figure 2 shows a set of SNOM images obtained simulta-
a nanoaperture~60 nm) at the tip end, and the light passing neously from an area (@m x 1 um) in a sliced PSPMMA
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Figure 1. Number densities of fluorescent spots (solid squares with
error bars) obtained from SNOM FL images at different PMMA-Pe/
PS-PMMA ratios. For each ratio, we selected three different FL images

(15um x 15um) and counted the number of fluorescent spots in each )
image. The density value with the error bar at each ratio is the averaged ls

value with standard deviation. The solid line is the calculated number
density of PMMA-Pe chains in the PPMMA matrix, based on the
molar ratio of PMMA-Pe to PSPMMA.

ultrathin film doped with PMMA-Pe. The TP image (a) shows
no surface feature and can hardly provide any useful information
about the morphology or polymer chain conformation. The
TRANS image (b) clearly shows the alternative local contrast
between the two block domains of the PBMMA. This
contrast may originate from the different refractive indices of
PS (1.59) and PMMA (1.49 The bright areas correspond to

the PMMA domains and the dark parts are the areas occupied

by the PS blocks (see Supporting Information for the identifica-
tion of the two domains). The bright spot in the FL image (c)
corresponds to the single PMMA-Pe chain embedded in the

block copolymer lamella. (d) is a pseudo-colored superimposed

image of (b) and (c), which indicates the location and orientation
of the homopolymer chain in the PMMA-rich domain layer of
the PS-PMMA lamella.

Analyses of SNOM Images.The FL image of the PS
PMMA/PMMA-Pe mixture provides rich information about the
location and orientation of the PMMA-Pe chain, while the
TRANS image contains information about the lamellar structure
of the block copolymer. By analyzing the FL and TRANS
images, we were able to determine the relative position and
orientation of the PMMA-Pe chain inside the PMMA-rich
domain layer of the PSPMMA block copolymer lamella. A

typical procedure of the image analysis may be described as

follows:
1. Characterization of the Conformation, Orientation, and
Center of Mass of a Single PMMA-Pe Chain.We followed

a standard procedure to analyze the chain conformations of the

PMMA-Pe chains shown in the acquired FL image¥Briefly,
as shown in Figure 3, we select an area including the bright

Homopolymer in Block Copolymer Lamella7575

Pe coil). The coordinate of the intensity-weighted center of mass
(CM) of the PMMA-Pe chain is

1
Xem =) X Yom = 2)

IOI,I

1
rZWu

01

The tensoM is a measure of the size and shape of the PMMA-
Pe polymer chain. In this way, the investigated polymer chain
spot can be represented as an ellipse with long and short
principal axes. The eigenvalues of the lordg @nd the short

(4s) principal axes are given by

_tr(M) £ ytr(M)? — 4 detM)

5 M

|\/lxx Mxy)
= 3)
o
where tr(M) and deti/1) are the trace and the determinant of
M. The trace oM defines the radius of gyratioRg? = tr(M).

The orientation of the PMMA-Pe chain is defined as the
orientational angle) of the long principal axis relative to the

positive X-axis
0= arctar(/l—I v MXX)
Xy

2. Determination of Lamellar Spacing and Lamellar
Orientation. The periodical spacing and the orientation of the
PS-PMMA lamella were determined from the fast Fourier
transform (FFT) of the TRANS images, as shown in Figure
4.27 Figure 4a is the duplicated TRANS image of Figure 2b,
which shows the lamellar structure formed by the- PSIMA
block copolymer. FFT (inset of Figure 4a) of the TRANS image
shows an ordered pattern of the lamellar structure in the
reciprocal space. We drew a line that passes through the pattern
and counted the intensity along the line. The direction of the
line indicates the orientation of the lamellar structure (lamellar
normal). We defined the angle between the orientation of the
PMMA-Pe chain and the lamellar normal as the relative
orientational angle of the PMMA-Pe chain embedded in the
PS-PMMA lamellaZ® The lamellar spacing of PSPMMA is
156 + 6 nm, calculated from the distance between the
characteristic peaks in the intensity distribution profile, as shown
in Figure 4b.

3. Determination of the CM Location of a PMMA-Pe
Chain in the Lamella. We located the CM of the PMMA-Pe
chain, calculated from Figure 3 and eq 2, in the TRANS image.
In Figure 5a, the CM of PMMA-Pe is indicated as a white circle
in the TRANS image. The black solid line passes through the
CM and has the same orientation as the block copolymer

(4)

spot in the FL imag_e and read the fluorgscence intensity at EVeTY|amellar normal. We tracked the transmission intensity in the
pixel throughout this area. The normalized second moments OfTRANS image across the PMMA-rich domain along this solid

the fluorescence intensity distributioM) in two dimensions
are expressed as

1 1
Mo == 1305 = X My == S 15055 = You)”
0’ o

1
My == > 1506 = Xem) (V5 — Yem) 1)

I0 ]

M,, =

wherel is the sum of the intensity of the selected area and (
y;) is the Cartesian coordinate of the pixeljj in the image.

M is a tensor and stands for the anisotropic intensity distribution
of the investigated fluorescent spot (corresponds to a PMMA-

line. The transmission intensity distribution, shown as the open
circles in Figure 5b, was then fitted to a modified Helfand
Tagami hyperbolic functioiy

} (5)

I(x) =
at b{ tanh

In eq 5,I(X) is the fitted transmission intensity distribution across
the PMMA-rich domain, along the solid line shown in Figure
5a.x is the coordinate along the solid ling.b, ¢, d, andd are

the floating parameters used in the fitting. Among those
parametersg refers to the distance between the CM and the
center of the PMMA-rich domain layer in the direction of the

2[(x—c)+d
)

2[(x—c)—d

s

tan
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Figure 2. Topography (a), transmission (b), fluorescence (c), and superimposed (b and c¢) images of a scanning are&® MMA?BMMA-Pe

thin film. The dimension of all images is/Am x 1 um. The lamellar pattern shown in (b) corresponds to the lamellar morphology formed by
PS-PMMA. The blue and dark parts in the image correspond to PMMA and PS, respectively. The bright spot in (c) corresponds to a single
PMMA-Pe chain embedded in the PBMMA matrix. The pseudo-colored superimposed image (d) shows the location and orientation of the
PMMA-Pe homopolymer chain in the P®MMA lamella.

b)

Long Axis, A'?

Short Axis, 4'?

Figure 3. Determination of the orientation and the center of mass of a PMMA-Pe chain. (a) Duplicated FL image of Figure 2c (dimemsion: 1

x 1 um). The bright white spot corresponds to a single PMMA-Pe chain. The chain orientation, indicated as the long axis, is calculated on the basis
of the method described in the text. The short axis is perpendicular to the chain orientation. The center of mass of the PMMA-Pe chain is located
at the intersection of the two axes. The orientational ang)l@f the polymer chain is indicated in the figure. (b) Enlarged image of the PMMA-Pe
chain shown in (a). The radius of the red circle is the calcul&gaf the PMMA-Pe chain. The green ellipse is drawn with the square roots of the

two eigenvaluesi{ andis) as the long and short axes. The long axis defines the orientation of the PMMA-Pe chain. The scale bar in (b) is 100 nm.
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Figure 4. Determination of the orientation and the spacing of a sample Figure 5. Location of the center of mass (CM) of a PMMA-Pe
lamellar structure formed by PSMMA. (a) TRANS image and its homopolymer chain in the PSPMMA lamella (a) and cross-section
fast Fourier transform (FFT) image (inset). The white dotted line passes profile in the normal direction to the lamella (b). (a) TRANS image
through the pattern in the FFT image and shows the orientation of the duplicated from Figure 2b. The CM of the Pe-PMMA is shown as the
lamellar structure (lamellar normal). (b) Intensity distribution along the white spot. The solid line is the line path used to calculate the cross-
dotted line shown in the inset of (a). The ordered peaks are indicated section profile of the transmission intensity. It passes through the CM
in the figure.H is the lamellar spacing. of the PMMA-Pe and has the same orientation as the-M8MA
lamellar normal. (b) Cross-section distribution (open circles) of the
. . . transmission intensity recovered from (a) along the solid line. The solid
lamellar normald is the width of the interface between the PS ¢ rve in (b) is the fitted intensity profile (eq 5). We set the origin of
and PMMA domains. We defined the full width at half- the distance coordinate to the center of the PMMA-rich layer. The

maximum (FWHM) of the fitted profile as the width of the coordinate of the dashed line represents the distance between the CM
PMMA-rich domain of the PMMA-Pe and the center of the PMMA-rich domain.

Using our methodology of the SNOM image analysis, we orientation and the location of PMMA-Pe in the PPMMA
analyzed 100 PMMA-Pe chains located at different areas in the lamella.
PS-PMMA lamellae. We calculated the orientational angle of Localization of PMMA-Pe Chains in the PS-PMMA
each PMMA-Pe chain relative to the lamellar normal and the Lamella. Russell and co-workers investigated the localization
relative position of the PMMA-Pe chain located in the PMMA- of PMMA homopolymers in PSPMMA block copolymer
rich domain of the copolymer matrix. All information was lamellae, using specular neutron reflectii§According to their
compiled to construct the relationship between the chain results, the localization of PMMA homopolymer in the PS
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40 were found to be 674 10 and 564+ 8 nm in the direction

] parallel with and perpendicular to the chain orientation,
respectively. The difference is small and independent of the CM
location of the PMMA-Pe chains, indicating that the restricted
PMMA-rich domain in a PSPMMA lamella only has a
moderate effect on the anisotropic deformation of the embedded
PMMA-Pe chains.

Relative Orientation of PMMA-Pe Chain in PS—PMMA
Lamella. Although the deformation of the homopolymer chains
inside the block domain is less than what we expected, the
00 50 20 30 40 80 80 orientation of an embedded PMMA-Pe chain can still be

Distance (nm) accurately determined using the method described in the section
Figure 6. Histogram of the localization of PMMA-Pe in the PMMA- Of.lmag.e analysis. V\./e constructed a relatlon.Shlp between the
rich domain of the PSPMMA block copolymer lamella. The popula- ~ Ofi€ntation and location of homopolymer chains embedded in

tion of PMMA-Pe chains is plotted against the distance between the the PMMA-rich domains of the block copolymer lamella. As
CM of a PMMA-Pe chain and the center of the PMMA-rich domain shown in Figure 7a, for each PMMA-Pe chain, the angle

gpara’."e.terzl'i & 5)- hT r}}? average size of h5alf of the PMMA-rich  petween the chain orientation and the lamellar normal was
omain is nm (half of the fwhm in eq 5). plotted against the relative CM position of the homopolymer
chain in the block domain. We found a weak tendency that the
homopolymer chains oriented themselves depending on their
locations in the PMMA-rich domain layer. When the CM of
PMMA-Pe is at the center of the PMMA-rich domain layer,
the homopolymer prefers an orientation parallel to the lamella
phase; k., the orientation has an angle of3fbm the lamellar
normal. When the PMMA-Pe chain is situated close to the

Population
M (2]
(=] o

-h
(=]

PMMA lamella depends on the molecular weights of the PMMA
(thPMMA) and the PMMA block of the PSPMMA (bePMMA):

If Mp—pmma is small compared tdMp—puma, the PMMA
homopolymer tends to distribute throughout the PMMA domain
homogeneously; iMy-puma IS comparable tdMp-—pyva, the
homopolymer tends to distribute in the domain with the highest

Kﬂoncentra:;qoenpal\t/l It;]: (?r?;itntz;sgg];ggg?e IfSr or:]nutchr:e lt?lrc?cir c}g?nnain interface, its orientation tends to be perpendicular to the lamella
b—PMMA; H :

. . o phase. In Figure 7a, we also show superimposed (FL and
a}nd form relat|ve.ly small doma'ns dlstrlbutgd througho.u'g the TRANS) images of three PMMA-Pe chains located at different
film. In our experiments, we are interested in characterizing a positions in the PMMA-rich domain. From the three images
single polymer chain in a copolymer matrix. The extremely low one can easily see the tendency of the orientational change

concentrtgtlon ?fPFI)\/lMMN,LAI-DPe 12 the matrix is unfavqrgplzforl tEe with distance between the CM of PMMA-Pe and the center of
aggregation o -Pe. As a consequence, individual ho- o o\ Tich fayer.

mopolymer chains will be isolated in the copolymer matrix. The ) )
location and conformation of the single polymer chain depend ~ Figure 7b shows the shape parameter, defined as the square
on the local enthalpic interactions between the homopolymer 00t Of the ratio between the two eigenvalues of the lobp (
chain and the surrounding block copolymer chains. and the short/s) principal axes, of a PMMA-Pe homopolymer

In Figure 6, we show a histogram of the localization of the chain relative to its location in the block copolymer lamellae.
100 PMMA-Pe chains in PSPMMA. In this figure, the Although we found the PMMA-Pe chain had weak preferred
population of PMMA-Pe chains is plotted against the distance Oriéntation depending on its location in the block copolymer
between the CM of the PMMA-Pe chain and the center of the lamella, the shape of a homopolymer chain seems to have no
PMMA-rich domain layer. The average size of half of a PMMA  Felationship with its CM location. Moreover, the blurring effect,
domain was found to be 4%+ 5 nm. It is easily seen that the ~ca@used by the finite dimension of the aperture on the SNOM
PMMA-Pe chains are neither homogeneously distributed in the Probe, always exists in the fluorescence imaging. This blurring
PMMA-rich domain nor all confined to the center of the block €ffect makes the fluorescent object more roundlike than its real
domain layer. The FL images show that segments of the Shape. As a consequence, it is difficult to compare the shape
PMMA-Pe chains distribute throughout the PMMA-rich domain. determined from the FL image to the real shape of the PMMA-
We found that more than 90% of the CMs of PMMA-Pe chains P& homopolymer chain. Here we only showed the determined
were located in the PMMA-rich domain, and the center of the Shape parameters of the PMMA-Pe chains, and were reluctant
PMMA-rich domain had the highest CM population. Few t0 draw further conclusions about the shape of the homopolymer

PMMA-Pe chains protrude from the PMMA-rich domain and chains.

entangle with the PS block chains. The embedded PMMA-Pe  We show a sketch of the position dependence of the PMMA-
homopolymers have an averaBgof 88 &+ 13 nm. This value Pe chain orientation in the P®MMA block copolymer lamella

is smaller than th&y of the PMMA-Pe in the PMMA matrix in Figure 8. It is well-known that the system free energy of a
(117 £ 13 nm)3° The synthesized PMMA-Pe has a molecular neat, phase-separated block copolymer system can be split into
weight (2 300 000 g/mol) 3 times larger than that of the PMMA an interfacial and a stretching contributibfihe interfacial free
block (857 000 g/mol) of the PSPMMA sample. The differ- energy includes the contact enthalpy between the blocks and
ence of the twdRy's clearly shows the confinement effect of the confinement entropy originating from the selective location
the block copolymer lamella on the conformation of the of the block chains in the ordered structure. The stretching
embedded PMMA-Pe homopolym&rSegments of the indi-  energy is caused by the extension of the block chain, which
vidual homopolymer chains crowd into the PMMA-rich domain tends to compensate for the unfavorable contact with the
layers due to the repulsive interaction between PMMA-Pe and different block type. The chain stretching effect causes preferred
PS. The FL images also show that the compression of the orientation of the block chains perpendicularly to the lamellar
PMMA-Pe chain is not homogeneous, resulting in a certain phas€ When an ordered structure is formed, all energetic
orientation along the calculated long principal axis. The average contributions balance each other to minimize the overall free
square roots of the two eigenvalues of the PMMA-Pe chains energy of the system. If the PMMA-Pe chains sparsely locate
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Figure 7. (a) Plot of chain orientation of PMMA-Pe against the CM location in the PMMA-rich domains effR8MA lamellae.Y-axis shows

the relative angle between the chain orientation and the lamellar noxXraais shows the distance between the CM of PMMA-Pe and the center

of the corresponding PMMA-rich domain layer. Superimposed images (FL and TRANS) of three PMMA-Pe chains located in different areas in the
PS-PMMA block copolymer lamellae are also shown in the figure. The corresponding CM positions of the three PMMA-Pe chains in the figure

are indicated as the solid points. The transparent broad red arrow serves as a guide for the eye. The bright spot in each of the superimposed images
corresponds to the single PMMA-Pe chain. (b) Plot of the shape parameter (defined as the square root of the ratio between the two eigenvalues of
the long ¢) and the shortAy) principal axes) of a PMMA-Pe homopolymer chain against its CM location in theFR8VIA block copolymer

lamellae. TheX-axis has the same meaning as that in (a). The three PMMA-Pe chains shown in the superimposed images are also indicated as solid
points.
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Figure 8. Sketch showing the relationship between the orientation and location of PMMA-Pe chains inside a PMMA-rich domain layer. The black
coils represent the PMMA block chains. The elliptical shadows stand for the PMMA-Pe chains with specific conformation and orientation inside
the block domain (see the image analysis section). The longer black line in each shadow indicates the orientation of the specific PMMA-Pe chain.
The CM of the PMMA-Pe chain is located at the intersection of the two black lines in each shadow.

in a matrix of PSSPMMA lamellae, the individual chains are  minimize the local free energy in its neighborhood. The
confined to the PMMA-rich domain due to the repulsive homopolymer chain will, therefore, have preferred orientation
interaction between the PS block and the PMMA-Pe chain. This parallel to the lamella phase.

confinement results in entropy loss of the system, and as an Although most of the PMMA-Pe chains locate at the center
energetic compensation, the PMMA-Pe chain will have preferred of the PMMA-rich domain, our results show that, for some
location and orientation in the PMMA-rich domain. Since the homopolymer chains, part of the chain segments are in areas
investigated PMMA-Pe has a molecular weight 3 times larger close to the block interface, or even in the PS domain, due to
than that of the PMMA block, to minimize the system energy, fluctuations. When most of the segments of the homopolymer
the PMMA-Pe chains tend to locate at the center of the PMMA- chain are localized close to the block interface, the rotational
rich domain. Meanwhile, the PMMA-Pe chains are compressed movement of the homopolymer chain is much retarded by block
and, most likely, anisotropically deformed in the direction chains (lack of rotational freedom). Segments can rearrange
parallel with the lamella phase due to the large molecular weight alongside the block chains only during annealing. The block
of the homopolymer. In a neat block copolymer lamella, the chains have preferred orientations perpendicular to the lamellar
simulation results showed that the segments close to the end ofphase due to the chain stretching effect, and the homopolymer
the block chain had more rotational freedom than those close chains close to interfacial area will also have preferred orienta-
to the block junctior?? If the homopolymer chain is at the center tions perpendicular to the lamella.

of the domain layer, it is in an environment that allows the  Possible Distortion of the FL Image in the SNOM
homopolymer chain to rotate more freely upon annealing. The Measurements3® The possible distortion of the FL images
homopolymer chain can easily rotate and rearrange itself to obtained from our SNOM experiments may originate either from
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100 nm

Figure 9. (a). Fluorescence (FL) image of QDs on a microtomed block copolymer film with lamellar structure. The upper inset shows the enlarged
image of an investigated QD, indicated by the arrow. The lower inset shows the intensity distribution along the long and the short axes. The two
values of FWHM are indicated in the inset. (b). FL image of two QDs located on a microtomeBNA®A block copolymer film. We adjusted

the intensity scale to show both QDs clearly. (c) FL image shown in (a) superimposed on the TRANS image of the same SNOM scanning area.
The dimension of images (b) and (c) isutn x 1 um.

the finite dimension the aperture on the SNOM probe or from chain tends to orient itself perpendicularly to the interface. We
the change of the refractive index in the alternating PS and consider this a result of the rotational freedom of the homopoly-
PMMA domains. The distortion of FL image can be tested by mer in the block domain of the block copolymer lamella.
imaging an infinitely small single fluorescent object. The
nanocrystal of semiconductor, quantum dot (QD), is a good Acknowledgment. This work is supported by the Grant-in-
candidate due to its bright fluorescence and infinitely small size Aid from the Japan Society for the Promotion of Science (JSPS)
compared to the SNOM aperture. The fluorescence image of aand from the Ministry of Education, Culture, Sports, Science
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on the block copolymer film with lamellar structure. Figure 9a the revision of this manuscript.
is a FL image that shows several QDs on a block copolymer
film. Since the irregular blinking of QD makes the image  Supporting Information Available: Descriptions of experi-
analysis difficult, we only tried to analyze one of the QDs using Ments on distinguishing PS and PMMA domains in the-P§IMA
our methodology described previously. Results show that the Iamglla. This material is available free of charge via the Internet at
QD has a near-round shape with an averaged value of FWHM http://pubs.acs.org.
about 95 nm. Figure 9b shows a high-resolution FL image with
two QDs on the PSPMMA block copolymer lamella. The near-
round shape of the fluorescent spots in the FL image indicates (1) Bates, F. S.; Fredrickson, G. Annu. Re. Phys. Chem199Q 41,
that the effect of the image distortion in our SNOM experiment @ I5-|2615n-1le | W.The Physics of Block Conolvmetxiord Universit
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