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ABSTRACT Single-chain conformations of styrene homopolymers dissolved in a polystyrene lamellar 
microdomain of a styrene24nylpyridine diblock copolymer in bulk were measured by small-angle neutron 
scattering (SANS). The molecular weights of the styrene homopolymers are 13.OK (L), 29.7K (M), and 76.7K 
(H), and the molecular weight of the diblock copolymer is 63.3K with 34.2K of polystyrene block. The mixing 
ratios of homopolymer/block copolymer blends are 0.1/0.9 for L, 0.05/0.95 for M, and 0.01/0.99 for H so as 
not to give rise to macrophase separation. The radii of gyration of homopolymers in the direction parallel 
to the lamellae are found to be almost equal to the unperturbed dimension irrespective of the molecular 
weight ratios of homopolymers to the polystyrene block. 

Introduction 
The microphase-separated structures of block copoly- 

mers have been well studied with respect to AB diblock 
copolymers.2-12 Among several familiar structures, that 
is, spherical, cylindrical, and lamellar structures, alternat- 
ing lamellar structures have been extensively stud- 
ied,2p3v5J0-12 so as to be understood at the molecular level; 
the block chain is elongated in the direction perpendicular 
to the lamellar whereas it shrinks in the 
parallel direction so as not to  change its ~ o l u m e . ~ ~ J ~  The 
block chain in the microdomain belongs to the category 
of “a tethered chain in a confined space”, and its 
conformation is different from the unperturbed chain of 
the homopolymer in a melt,16-18 which belongs to the 
category of “a free chain in a free space”. Thus, it is 
interesting to solve another problem; what is the confor- 
mation of “a free chain in a confined space”? This problem 
can be solved by investigating the chain conformation of 
an A homopolymer dissolved in a microdomain formed by 
an A block chain of an AB block cop01ymer.l~ This study 
is also useful in clarifying the thermodynamics of block 
copolymer/homopolymer blend 

To  study the chain conformations of homopolymers 
dissolved in microdomains of block copolymers by SANS, 
we should pay particular attention to the contrast- 
matching procedure. Quan et  al. pointed out that two 
kinds of contrast-matching procedures are necessary to 
extract a single chain scattering function of homopolymer 
from the total scattering intensity from the homopolymer/ 
block copolymer blends.22.26 One is “phase matching”, for 
which they propose to prepare AB diblock copolymers 
having the A block chain with the same coherent scattering 
lengthas the B block chain.26 Actually the polymer sample 
called “phase-matched” block copolymer can be prepared 
by distributing labeled A segments randomly in the A 
block chain to the right amount. The other is the 
“composition matching”, which can be achieved by mixing 
labeled and unlabeled A homopolymers in the matching 
ratio so that the mixture has the same scattering length 
as the phase-matched block ~opo lymer .~ ’ -~~  
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In this study a phase-matched sample used as a matrix 
was a diblock copolymer of partially-labeled styrene and 
2-vinylpyridine. Chain conformations of styrene ho- 
mopolymers in a microdomain were determined by 
measuring SANS intensities for mixtures of styrene 
homopolymer blends and the phase-matched block co- 
polymer. 

Experimental Section 
Preparation of the Phase-Matched Polymer and the 

Homopolymers. The coherent scattering length of poly(2- 
vinylpyridine) (P) is between those of poly(styrene-da) (D) and 
of poly(styrene-he) (S), so that the phase matching can be achieved 
when D and S are mixed at 0.107/0.893 by volume (0.114/0.886 
by weight).31 Therefore, the styrene-daand styrene-hemonomers 
were purified separately and mixed at D/S = 0.11/0.89 by volume, 
and the mixture was diluted with pure tetrahydrofuran (THF).U 
The styrene monomer mixture and the 2-vinylpyridine monomer 
were sequentially polymerized by an anionic polymerization with 
cumylpotassium as an initiator in THF at -78 “C in vacuo and 
gave the phase-matched block copolymer (PM-1). A part of the 
polymerization solution was taken out to measure the molecular 
weight of the polystyrene block. The labeled (L) and unlabeled 
(U) styrene homopolymers were also prepared in the same manner 
as the block copolymer. 

The number-averaged molecular weights of the homopolymers 
and the polystyrene precursor of the block copolymer were 
measured in toluene with a Hewlett Packard membrane os- 
mometer Type 502, while that of the block copolymer was 
measured in THF. The molecular weight distributions of samples 
were measured with a Tosoh GPC system Type HLC-802A 
equipped with two GMHn columns. The molecular charac- 
teristics of the styrene homopolymers and the block copolymer 
are shown in Table 1. 

Preparation of Homopolymer/Block Copolymer Blend 
Films. The composition-matched polystyrenes were preliminar- 
ily prepared by freeze-drying the benzene solution of mixtures 
of the labeled (L) and unlabeled (U) polymers at the weight ratio 
of L/U = 0.114/0.886. These homopolymer mixtures and the 
phase-matched block copolymer, PM-1, were dissolved in THF 
at the homopolymer/block copolymer weight ratio of 0.1/0.9 for 
the lowest molecular weight homopolymer to give PMH-L, at 
the ratio of 0.05/0.95 for the middle one to give PMH-M, and at 
the ratio of 0.01/0.99 for the highest one to give PMH-H. The 
dilute THF solutions of blends were cast into thin films with 
0.15-mm thickness for 4 days. A pure PM-1 film was also prepared 
for examining the degree of phase matching and for evaluating 
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Table 1. Molecular Chc te r i s t i e s  of Homopolymem and a 
Block Cowlymer for Blends 
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PMH-L LE 16.6 (15.4Y 34.2-29.1 (S)-(P) 1.04 0.50 

PMH-M La 33.7 (31.W 34.2-29.1(SHP) 1.04 0.60 

PMH-H Le 78.1 (72.6)' 34.2-29.1 (S)-(P)  1.04 0.50 

Deuterium-labeledpolymer. b Unlabeledpolymer. Numbemin 
parentheaas are the molecular weights reduced to unlabeled poly- 
styrene. * Determined by a GPC chromatogram. * Volume fraction 
of polystyrene. 
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Figure I. Geometrid relationship betweenasamplespecimen 
and the two-dimensional pition-sensitive detector. The azi- 
muthal angle, 0, on the deteetor is also defined in the figure. 

the incoherent scattering intensity in SANS experiment6.a' AU 
the films were dried completely and annealed in uacuo at 120 OC 
for a week. 

Morphological Observations. The mierophase-aeparatea 
structures of film speeimens stained with OsO, were observed 
with a transmimion electron microscope, JEOL ZOOOFX. Small- 
angle X-ray scattering (SAXS) wan measured in the directions 
perpendicular (through) and parallel (edge) to the film surface 
with a Kratky U-slit camera of Anton Parr. (Disclaimer: Certain 
commercial materials and equipment are identified in this paper 
in order to specify adequately the experimental procedure. In 
no case does such identification imply recommendation or 
endorsement by NIST, nor does it imply necessarily the best 
available forthepurpose.) Detailsoftheexperimentalconditiona 
for morphological observations were reported previously.s 

SANS Measurements. SANS measurementswere performed 
with the 8-m SANS spectrometer with a cold-source facility at 
the National Institute of Standards and Technology.56 The 
sample-bdetector distance was 3.6 m. the wavelength A used 
was 0.9 nm, and its resolution AXIA wan 0.25. Two collimation 
systems were adopted; one wan a regular resolution system for 
PMH-LandPMH-Mandtheotherwasahighresolutiononefor 
PMH-H. Details of the collimation systems were reported in 
previous papers.3'" The scattering intensities were measured 
in both through- and edge-view defined above for all the film 
specimens. The geometrical relationship among observation 
views, a sample specimen and the two-dimensional detector. is 
illustrated schematically in Figure 1. SANS data reduction wan 
carried out in the m e  manner an reported previously.'5," 

Results 
Microphase-Separated Structures and Contrast 

Matching. Electron micrographs of PM-1 and PMH-H 
are shown in Figure 2. Both show alternating lamellar 
structures predominantly aligned parallel to the film 
surfaces, and there is no evidence of the macrophase 
separation even for PMH-H, whose homopolymerlblock 
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Figure 2. Comparison of transmission electron micrographs. 
Samples: (a) PM-1; (h) PMH-H. 

q (nm") 
Figure 3. SAXS and SANS intensities in the edge view for 
PM-1. 

copolymer molecularweightratio is 2.3 though. The other 
twoblendsamples,i.e.,PMH-Land-M, havealaolamellar 
structures, though they are not shown here. SAXS and 
SANS diffraction patterns for PM-1 in the edge view are 
compared in Figure 3. SANS intensities were obtained 
by averaging the data within the sector of 6 = 0 i 5", 
where 4 is the azimuthal angle on the detector defined in 
Figure 1. Distinct peaks of integer order are displayed in 
theSAXSpattern,reflecting the highdegreeoforientation 
of lamellaeparallelto the filmsurface,whereasnodistinct 
peak can be seen in the SANS pattern. Moreover, SANS 
intensities around 6 = 0 i 5" in the edge view for PMH-L 
and -M are compared with that for PM-1 in Figure 4, 
where the profiles for PMH-L and -M are shifted every 
decade along the vertical axis. Apparently the scattering 
intensities for PMH-L and -M are higher than that for 
PM-1 especially in the low q range (0.1 nm-' < q < 0.4 
nm-'), where q = (4n/X) sin 8, 28 is the scattering angle, 
and broad peaks can be recognized a t  around q = 0.16 and 
0.32 nm-I for both blends. These q values correspond to 
the positions of the first- and second-order diffraction 
peaks for the lamellar structures. These facts mean that 
the phase matching was achieved reasonably well, but the 
composition matching was not achieved asexpected. which 
is to be described in the Discussion section. 

Radiiof Gyrationof Homopolymers. FigureBshows 
the contour map of SANS for PMH-H in the through view. 
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Figure 4. Comparison of SANS diffraction patterns in the edge 
view. Samples: PM-1 (O), PMH-L (A), PMH-M (0). 

Figure 5. SANS contour map on the two-dimensional detector 
in the through view for sample PMH-H. 
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Figure 6. Circular-averaged SANS total scattering intensities 
in the through view. Samples: PM-1 (0); PMH-H (0). 

Since this map looks isotropic, the intensities are circularly 
averaged and they are plotted against q in comparison 
with those of PM-1 in Figure 6. As shown as an example 
of the PMH series in Figure 5, no distinct peak is observed 

L 
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Figure 7. Guinier plots of coherent scattering intensities in the 
through view for PMH-H. 

Table 2. Chain Dimensions of Homopolymers in a 
Microdomain of a Block Copolymer 

PMH-L 13.0 0.10 1.94i0.06 1.88 1.03i0.03 
PMH-M 29.7 0.05 2.88* 0.10 2.84 1.01 *0.04 
PMH-H 76.7 0.01 4.23 * 0.39 4.57 0.93*0.08 

Volume fractions of styrene homopolymers in the blends. * Unperturbed radii of gyration of homopolymers along the x-axis 
evaluated by using eq 2 in the text. 

in the profiles of PMH-H, and the scattering intensity of 
PM-1 has actually no angular dependence. Therefore, 
the intensities of the PMH series can be assumed to include 
only the single chain scattering functions of homopolymers 
and the incoherent scattering inten~ity. '~ Figure 7 shows 
the Guinier plots of the scattering intensity for PMH-H 
obtained by subtracting the incoherent intensity from the 
measured total intensity. 

The slope of the Guinier plots gives the radius of gyration 
along the k-axis, Rg,k (k = x ,  y, and z), according to eq 
1.13-15 

I (q )  = I(0) eXP(-q2Rg,k2) (1) 

Though the x -  and z-axes are equivalent, according to the 
definition in Figure 1, we write, for convenience, R,, for 
the component of radii of gyration obtained by circularly- 
averaged intensities in the through view in Figure 7. The 
Guinier range adopted was estimated by the relation q2Rg+2 
< 1.32/3, and its upper limit is shown by a broken line in 
Figure 7. Table 2 lists the R,, values of three homopoly- 
mers in lamellar structures in comparison with those for 
their unperturbed dimensions, R,,O)s. In this table the 
unperturbed dimensions were evaluated by using the 
following radius of gyration-molecular weight relationship 
for polystyrene in bulk along any k-axis.ls 

Rg,kO = 0.0165M'/2 (nm) (2) 

Here, the number-averaged molecular weights, M,,'s, of 
the unlabeled polymers were adopted instead of the 
z-average molecular weights, M Z k ,  which should be used 
for the Re-M relationship, because the molecular weight 
distributions of all homopolymers are quite narrow (Md 
M ,  < 1.05). Further, we checked that the correction factors 
on measured radii of gyration resulting from differences 
in molecular weight between labeled and unlabeled 
polymers are negligibly small according to the method of 
Boue et a1.39 It  is apparent from this table that Rg,/Rg,o 
ratios are all close to unity within experimental errors 
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irrespective of homopolymer/ block copolymer molecular 
weight ratios, though the statistical errors are increasing 
with the increment of the homopolymer molecular weight 
(Mh) because homopolymer/block copolymer weight ratios 
are decreasing with the increase of Mh. Thus, we can derive 
the important result that the homopolymer is unperturbed 
in the direction parallel to lamellae over the range 
investigated. The intensity in the edge view in the low q 
range is much higher than that in the through view, 
reflecting the effect of mismatching in scattering length 
between polystyrene lamellae and poly(2-vinylpyridine) 
lamellae.15*31 Therefore, it is difficult to extract the single 
chain scattering function of the homopolymer from these 
intensity data by using the data of PM-1 because the 
relative thickness of two adjacent lamellae of PM-1 is 
different from those of PMH's in addition to the fact that 
there are no distinct peaks in PM-1 data. Thus, in this 
study we were not able to evaluate the radii of gyration 
of homopolymers along the y-axis. 

Discussion 
Contrary to the reasonably good achievement of phase 

matching for PM-1, composition matching for the PMH 
series was not successful. One of the possible reasons for 
the mismatching is the excess scattering due to the 
concentration fluctuation of styrene homopolymers in 
polystyrene microdomains, which should depend on the 
molecular weight of the homologous polymers, since the 
interaction parameter between labeled and unlabeled 
polystyrenes is not equal to zero. As shown in Figure 4, 
the scattering intensities a t  the peaks for PMH-M are 
higher than those of PMH-L; in other words, the degree 
of mismatching increases with the increase of M h  though 
the concentration of homopolymers in PMH-M is lower 
than that in PMH-L. 

Another reason for the mismatching may be the chain 
length differences between labeled and unlabeled ho- 
mopolymers. If homopolymers could be dissolved into 
polystyrene microdomains uniformly, the chain length 
difference would not give rise to the mismatching. 
However, the homopolymers with the higher molecular 
weights may be more concentrated in the center of lamellae 
as reported p rev iou~ ly .~~  Thus the chain length difference 
can cause nonuniform distribution of the scattering length 
so as to give diffraction. 

As described above the homopolymer chains in lamellae 
are unperturbed a t  least in the direction parallel tolamellae 
in contrast to block chains which are contracted in this 
direction. This result is different from a previous conclu- 
sion that a homopolymer chain is extended and contracted 
in the same manner as block chains in the perpendicular 
and parallel directions, respectively, so that the ho- 
mopolymer dissolves uniformly in 1a~nellae.l~ In a previous 
paper, we reported that deuterated polystyrenes with M,, 
= 27K are fairly concentrated in the middle of lamellae 
of the diblock copolymer with M,, = 243K according to 
SANS and SAXS studies.32 In the present blend samples 
homopolymer/block copolymer molecular weight ratios 
are much higher than that in the previous sample, so that 
the homopolymers tend to concentrate more easily in the 
middle of lamellae, even if the homopolymers in the present 
samples are mixtures of ordinary and deuterated poly- 
styrenes while only a deuterated polystyrene was mixed 
with a block copolymer in the previous Therefore, 
it  is reasonable that the chain is unperturbed in the parallel 
direction. Although R,, values were not able to be 
evaluated as described above, it is natural to speculate 
that the chain is unperturbed in all directions, because 
the volume of the polymer coil or the degree of overlapping 
probably remains unchanged from that in a melt.15 
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