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ABSTRACT: Alternating lamellar structures of poly(2-vinylpyridine-b-styrene-b-2-vinylpyridine) triblock
copolymers of the ABA type with different compositions were studied by transmission electron microscopy
(TEM), small-angle X-ray scattering (SAXS), and small-angle neutron scattering (SANS). The volume
fractions of polystyrene (S), ¢s, of the copolymers range from 0.28 to 0.58, whereas the chain lengths of
two end block polymers, poly(2-vinylpyridine) (P), are always the same for each sample. It was confirmed
that all the solvent-cast films had alternating lamellar structures, and the measured microdomain spacings
were in good agreement with the theoretical prediction by Helfand and Wasserman irrespective of the
compositions. SANS studies revealed that the middle block polymers (S) are elongated along the direction
normal to the lamellar interface, but they are shrunk along the direction parallel to the interface, so that
the volume occupied by the middle block polymers are the same as those in the unperturbed states, and
the degree of deformation decreases with increasing ¢..

Introduction

Microdomain structures of block copolymers have
been extensively studied on diblock copolymers of the
AB type,®~5 so as to be understood at the molecular
level. The alternating lamellar structure has been
examined5~13 more quantitatively than the other struc-
tures because they are geometrically the simplest
and can be considered in equilibrium compared with
the other structures, that is, spherical, cylindrical,
and bicontinuous structures. In recent years, the
chain conformations of block polymers in lamellar
microdomains were measured for several polymers by
SANS,4-17 and it was found that the block chains were
shrunk in the direction parallel to the domain interface
so as to compensate for the elongation in the normal
direction.

The most remarkable feature of the microdomain
structures of ABA triblock copolymers is that they have
middle block polymers (B) both ends of which must be
anchored either on different domain boundaries or on
the same boundary, while two A block polymers have
free ends in microdomains. The former chain conforma-
tion for the middle block polymers can be called “bridge-
type” conformation and the latter “loop-type”. This
feature contrasts significantly with that of diblock
copolymers where both A and B block polymers have
their own free ends.

The purpose of the present paper is to study the
difference between the lamellar domain spacings, D, of
diblock and triblock copolymers and also to study the
dependence of chain conformation of middle block
polymers on the composition in comparison with that
of diblock copolymers, so that we can elucidate the
contribution of the two types of conformations. Thus
we prepared poly(2-vinylpyridine-b-styrene-b-2-vinylpy-
ridine) (PSP) triblock copolymers and their deuterium-
labeled counterparts as samples in this study.
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Experimental Section

Samples were prepared by an anionic block copolymerization
of styrene and 2-vinylpyridine monomers with the dipotassium
salt of a-methylstyrene tetramer as a bifunctional initiator in
tetrahydrofurane (THF) at —78 °C. Styrene-ds monomer was
also used to prepare labeled block copolymer for SANS.
Details of sample preparation and characterization will be
described elsewhere.l®* Table 1 summarizes the molecular
characteristics of samples for morphological studies, while
Table 2 shows those of labeled and unlabeled copolymer pairs
for SANS study.

Films for morphological observations were cast from dilute
solutions of THF and annealed at 150 °C under vacuum for 4
days. Morphological observations were carried out by TEM
and SAXS. X-ray was irradiated from the direction parallel
to the film surface (edge view), and a scintillation counter was
swept along the direction transverse to lamellae so as to
measure domain spacings (D) of the copolymers, because the
lamellar microdomains are known to align predominantly
parallel to the film surface. The details of SAXS measurements
were described previously,'® and the experimental condtiions
of TEM observations will be reported elsewhere.l® SANS
measurements were performed with the SANS-U spectrometer
of the Institute for Solid State Physics (ISSP) of the University
of Tokyo in JRR-3M at Tokai.l® The wavelength 2 used was
0.7 nm, and its distribution AAZ/A was 0.1. Sample to detector
distances adopted were 4, 6, and 8 m, depending on the
dimension of the polymers. SANS intensities were measured
in two geometries, i.e., edge and through views, in which
neutron beams are incident in the directions parallel and
perpendicular to the film surface, respectively, as shown in
Figure 1.

The composition-matching was examined to eliminate the
domain scattering from the total coherent scattering intensity
in the edge view for two blend samples, blends I and IV. Since
the calculated ratio of poly(styrene-ds) (D) to poly(styrene-hs)
(8), for matching the scattering length of the polystyrene blend
to that of poly(2-VP), is 0.107/0.893 by volume,?® several
mixtures with different mixing ratios were prepared around
this ratio for these two blends.

kResults

Figure 2 shows typical examples of transmission
electron micrographs of an unlabeled polymer, PSP-11,

© 1995 American Chemical Society
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Figure 1. Schematic representation of SANS measurements.

Table 1. Molecular Characteristics of Triblock
Copolymers for Morphological Studies

sample 107'Mx

code 2-VP S 2-VP M. /M, bs
PSP-14 6.30 6.40 6.30 1.05 0.28
PSP-8 3.58 3.10 3.58 1.03 0.32
PSP-9 7.95 6.86 7.95 1.02 0.32
PSP-5 3.76 3.41 3.76 1.02 0.33
PSP-4 3.04 3.58 3.04 1.02 0.39
PSP-2 3.27 4.54 3.27 1.03 0.43
PSP-11 2.45 4.49 2.45 1.04 0.50
PSP-3 2.66 4.90 2.66 1.02 0.50
PSP-10 1.16 2.24 1.16 1.05 0.51
PSP-12 2.89 7.23 2.89 1.04 0.58

Table 2. Molecular Characteristics of Samples for

SANS Study

blend sample 107 M,

code code 2-VP S 2-VP M. /M, Ps

1 PDP-1 3.00 2.96 3.00 1.02 0.34
PSP-8 3.58 3.10 3.58 1.03 0.32

11 PDP-2 6.64 5.98 6.64 1.02 0.33

PSP-9 7.95 6.86 7.95 1.02 0.32
111 PDP-4 1.15 2.00 1.15 1.02 0.49
PSP-10 1.16 2.24 1.16 1.05 0.51
v PDP-5 2.30 4.25 2.30 1.03 0.50
PSP-11 2.45 4.49 2.45 1.04 0.50
A% PDP-3 2.93 5.67 2.93 1.02 0.51
PSP-3 2.66 4.90 2.66 1.02 0.50
VI PDP-6 4.03 9.02 4.03 1.04 0.58
PSP-12 2.89 7.23 2.89 1.04 0.55

and its blend with a labeled polymer, i.e., PDP-5/PSP-
11. All the other samples with different compositions
were also found to have alternating lamellar structures,
though their micrographs are not shown here. Figure
3 shows the comparison between SAXS edge-view dif-
fraction patterns of six samples. Integer order peaks
can be seen for all patterns reflecting lamellar struc-
tures, though two of them are missing because of the
particle scattering factors.?! They are the second-order
peak for PSP-3, where ¢, is about !/ and the third-order
one for PSP-5, where ¢, is approximately /5. Micro-
domain spacings, D, were obtained by applying the
Bragg conditions, D = 2an/qy, to the magnitude of wave
vector g, (=4x (sin) 6)/A) for integer order diffraction
peaks, where 20 is the scattering angle. They are
plotted against the number-averaged molecular weight
of copolymers M, (O) together with the data of styrene-
2-vinylpyridine (SP) diblock copolymers (a)'® in Figure
4.
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Figure 2. Electron micrographs showing the lamellar mi-
crophase-separated structure as examples: (a) PSP-11; (b)
PDP-5/PSP-11 blend with a blend ratio of 10/90 by weight.

SANS measurement were also carried out in through
the edge views. Figure 5 shows an example of a two-
dimensional intensity map in the through view. Since
neither diffraction nor anisotropy was observed in the
through view, all the data were circularly-averaged.
Figure 6a shows the circularly-averaged data for PDP-
5/PSP-11 in the through view as an example, and
Guinier plots of their coherent scattering intensities are
shown in Figure 6b. The magnitude of errors propa-
gated through background data correction procedures
was shown by error bars for each data point. From the
initial slope of this plot, we evaluated the radii of
gyration of polystyrenes in the direction parallel to the
lamellar interface!” assuming that the orientation of
lamellae is perfect. Fitting to straight lines was carried
out by taking respective uncertainties into account. The
values of statistical errors were also added to each
component of the radii of gyration. Though the coor-
dinates x and z are equivalent in Figure 1, we define
the component of the radius of gyration obtained from
the through-view data as R, for simplicity.!” Table 3
lists Ry, thus obtained for PDP/PSP blends together
with the uncertainties with different ¢.’'s. This table
also lists the unperturbed radii of gyration Ry 0, of the
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Figure 3. Comparison of SAXS edge-view diffraction patterns
among samples with different polystyrene volume fractions.
Samples are PSP-12, PSP-3, PSP-2, PSP-4, PSP-5, and PSP-
14 from top to bottom.

Figure 4. Domain spacing, D, versus the number-averaged
molecular weight of samples, M), on a double logarithmic scale.
The open cireles are the data of PSP triblock copolymers while
the filled circles denote the same data but they are plotted
against M,/2. The triangles are the data of SP diblock
copolymers obtained in a previous work.!?

middle block polystyrene and also the ratios a, = Rg./
Ry.0. Ro.’'s were evaluated by using an empirical
equation Ry = 0.01656MY2(nm),? where £ is x, y, or z.
It is apparent from this table that o, decreases from
unity with increasing molecular weight of polystyrene
irrespective of the volume fraction and it also tends to
increase with decreasing ¢..

The degree of composition-matching was examined for
two blends I and IV. Figure 7 compares two-dimen-
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Figure 5. Typical isotropic intensity map on the two-
dimensional detector for through-view measurement.
Sample: PDP-5/PSP-11 (blend IV) with a blend ratio of 10.7/
89.3 by weight. The sample to detector distance is 6 m.

Intensity (a.u.)

— T T

Ln Intensity (a.u.)

Figure 6. Example of circularly-averaged through-view co-
herent scattering intensities as a function of wave vector ¢
(a) and their Guinier plots (b). The dotted vertical line in (b)
indicates the limit of Guinier’s range, i.e., ¢?R;? < 1.3%2 or ¢?R;;*
= 1.3%3, since Ry;?> = R/#3.17 Sample: blend IV.

sional intensity maps of PDP-5/PSP-11 blends with
different mixing ratios in the edge view. The first and
the second diffraction peaks are clearly observed along
the horizontal axis in Figure 7a, which is for a blend
with a weight percent of labeled block copolymer, wy,
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Table 3. Chain Dimensions of Polystyrene Blocks and the Expansion Factors Relative to the Unperturbed Dimension

blend code sample code Ds Ry Ry, Ry Rypo(k =x,y,0rz) 0,? a,’
I PDP-1/PSP-8 032 248+0.03 4.11+0.13 248 +0.05 2.80 0.89+£0.01 1.47+0.02
II PDP-2/PSP-9 0.32  3.47+0.07 4.12 0.84 £+ 0.02
III PDP-4/PSP-10 0.51 2.30+0.03 2.36 0.97 £ 0.01
v PDP-5/PSP-11 050 3.12+0.06 3.85+0.05 3.25+0.08 3.35 0.93 + 0.02 1.15 + 0.02
A% PDP-3/PSP-3 0.50 3.26 £ 0.07 3.53 0.92 + 0.02
VI PDP-6/PSP-12 0.56 3.75 + 0.05 4.31 0.87 + 0.01

0 = RgofTg0. b 0y = Rgy/Re 0.

a

Figure 7. Comparison of edge-view two-dimensional maps
of PDP-5/PSP-11 blends with different blend ratios, i.e., 13.0/
87.0 (a) and 10.7/89.3 (b) by weight.

of 13.0%, whereas they disappear and only ansitropic
scattering remains for a blend with a wy, of 10.7%, as
shown in Figure 7b, reflecting the good achievement of
composition-matching. Figure 8 compares the sum of
the sector-averaged SANS intensities at 1 = 0 + 5° and
180 + 5° for blend IV with various blend ratios. It is

Intensity

0 0.1 02 03 04 05 06 0.7 08
q (nm?)

Figure 8. Variation of edge-view coherent scattering intensi-
ties with blend ratios. Sample: blend IV. The percentages
along the third axis are for the labeled polymer.

apparent from this figure that the diffraction intensity
decreases with increasing wi, up to 10% and then it
turns to increase with further increasing wy. The
contrast factor, R, for diffraction between S and P
domains in SANS is given by?3

g = o= XPsp — (1 — Wbl )

(Bp — Bsw)®

where fsn, fsp, and fp denote the coherent scattering
length densities of hydrogenated polystyrene, deuter-
ated polystyrene, and poly(2-vinylpyridine), respectively,
and x is the volume fraction of the deuterated segment
in the S domain. The experimental contrast factor R,
can be evaluated by

R, = AI(1)/AI(1), (2)

where AI(1)x and AI(1); are the sum of the sector-
averaged diffraction intensities of the first-order peaks
at y = 0 + 5° and 180 + 5° for the blend sample with
the volume fraction x and that for pure PSP block
copolymers. The values R, thus obtained are semiloga-
rithmically plotted against x in Figure 9, where the
dotted curve denotes eq 1 with 6.47, 1.41, and 1.95 x
10 em~2 for fsp, fsu, and fp, respectively.?® It is
evident that the composition-matching is achieved
reasonably well for the two blends, though the x values
which give the minimum R, are both a little smaller
than the calculated value, i.e., 0.107.

Figure 10 compares Guinier plots of the sums of the
edge-view intensities at 0 + 5° and 180 & 5° and at 90
+ 5° and 270 £ 5° for blend I with x of 0.102 and for
blend IV with x 0of 0.101, where the minimum contrasts
were attained. The radii of gyration along the y-axis,
R, and along the z-axis, R, defined in Figure 1, were
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Figure 9. Contrast factor, R, as a function of the volume
fraction, x, of the labeled segments in the polystyrene domain
on a semilogarithmic scale. The open circles are for PDP-1/
PSP-8 (blend I) and the open triangles are for PDP-5/PSP-11
(blend IV). The filled circles, triangles, and squares are for
DP/SP diblock copolymer blends whose molecular weights of
the labeled polystyrene block are 34K, 92K, and 162K,
respectively.?
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Figure 10. Guinier plots of the sector-averaged edge-view

coherent scattering intensities. Circles are for blend I with x

of 0.102, and triangles are for blend IV with x of 0.101. The

filled symbols correspond to the data at 0 + 5° plus 180 £ 5°,
and the open symbols, to the data at 90 + 5° plus 270 + 5°.

evaluated from the initial slope of the data denoted by
the filled and the open symbols for both blends, respec-
tively. The radii of gyration, R, and Rg ., thus obtained
are also listed in Table 3. This table also lists the
unperturbed radius of gyration Rgyo (=Rgx0) and the
ratios ay = Rg,/Rgy0. Figure 11 shows double logarith-
mic plots of Ry, and R, against the molecular weight
of polystyrene, together with the data of diblock copoly-
mers.!” R,, values are not plotted because Rg,’s and
R,.’s agree well with each other. Comparison between
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Figure 11. Double-logarithmic plots of the one-dimensional
radii of gyration and the reduced number-averaged molecular
weights of polystyrene blocks. Circles are for the present
triblock copolymers, and triangles are for styrene—2-VP
diblock copolymers reported in a previous work.!” The open
symbols are for R, and the filled symbols are for Rg,. The
solid line expresses the empirical equation Ry = 0.0165M2
for the unperturbed polystyrene chains in bulk,?? whereas the
broken line and the dotted line denote the relationships R,
=R,, = 0.289M°*3 and R, = 0.0453M°6*, respectively, which
were determined experimentally from the data of styrene—2-
VP diblock copolymers.!?

blends I and IV in Table 3 reveals that o, of the middle
block, polystyrene, in blend I is much larger than that
in blend IV, whereas @, in blend I is smaller than that
in blend IV; in other words, the chain conformation of
polystyrene in blend I is more deformed than that in
blend IV, even though the molecular weight of polysty-
rene in blend I is lower than that in blend IV.

Discussion

In Figure 4 the filled circles denote the lamellar
domain spacings of ABA triblock copolymers plotted
against half of the molecular weight M,/2, and the solid
line denotes the theoretical curve of symmetric diblock
copolymers given by Helfand and Wasserman.$

—0.816yY%N + D + 0.297D**/(N"*p*5 =0 (8)

where N is the number of segments in a diblock
copolymer, b is the statistical segment length of block
polymers, and y is the Flory—Huggins interaction
parameter. Here we assumed b = 0.68 nm and y = 0.08
for styrene—2-VP diblock copolymers, as previously
reported.13 The data of the PSP triblock copolymers as
well as SP diblock copolymers are in good agreement
with the theoretical curve, even for the samples with
the different volume fractions. This indicates that the
lamellar domain spacings of ABA triblock copolymers
are almost equal to those of diblock copolymers obtained
by cutting the middle block at the center, as predicted
by Helfand and Wasserman.b

In Figure 9 the degree of contrast-matching for PDP/
PSP blends is compared with that for styrene—2-VP
diblock copolymers.?° In our previous paper we studied
the contrast-matching between polystyrene and poly-
(2-VP) microdomains for blends of styrene-dg—2-VP (DP)
and styrene-hg—2-VP (SP) diblock copolymers with 34K,
92K, and 162K for M, of the poly(styrene-ds) blocks. The
study revealed that the contrast-matching between the
two microdomains is reasonably well achieved only for
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Figure 12. Schematics of chain conformations of triblock
copolymers: (a) bridge-type conformation which is favorable
for polymers with ¢s of /s; (b) loop-type conformation which
is favorable for polymers with ¢s of V5.

the lowest molecular weight blends and the degree of
matching evidently becomes worse if the molecular
weight of the block chains increases. Hasegawa et al.
also studied the contrast-matching between polystyrene
(S) and polybutadiene (B) microdomains for butadiene-
labeled (S—Bd) and -unlabeled (S—Bh) diblock copoly-
mer blends,?’ and they found that it is not facile to
match the contrast between two domains, whereas
Quan and Koberstein16 reported that contrast-matching
between polystyrene and hydrogenated polybutadiene
microdomains is reasonably well achieved to the extent
that the diffraction peaks disappear by blending S—dB—S
and S—hB-S triblock copolymers, where dB and hB
denote deuterated and hydrogenated polybutadiene.
The above results imply that the phase-contrast-
matching can be achieved more easily for ABA triblock
copolymer blends than for AB diblock copolymer blends
if the middle B block polymer of an ABA triblock
copolymer is labeled and mixed with an unlabeled
counterpart. This phenomena may be attributed to the
contribution of the “bridge-type” conformation. Both
ends of block chains with “bridge-type” conformation are
anchored on the two different boundaries, so that we
may consider that the segments of the block chains with
this conformation are forced to distribute more uni-
formly along the y-axis than those of block chains with
free ends, even if the chain lengths between labeled and
unlabeled blocks are different from each other. There-
fore, the scattering length density distribution made by
a mixture of labeled and unlabeled segments is more
uniform along the y-axis in the former than in the latter.
Since the scattering length density profile along the
y-axis is significant in the intensities at 0 £+ 5° and 180
+ 5° in the edge-view experiments, the contrast-match-
ing must be achieved more easily for chains with
“bridge-type” conformation than those with free ends.
As described above, o, of the middle block in blend I
with the 1:1:1 composition for 2-VP, styrene, and 2-VP
blocks or ¢ = /3 is larger than that in blend IV with
the 1:2:1 composition or ¢s = /3. Figure 12 schemati-
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cally shows the difference between “bridge-type” and
“loop-type” conformations. If we assume that the do-
main sizes are proportional to the dimensions of block
chains or the radii of gyration along the direction
perpendicular to lamellae, we can estimate the radii of
gyration along the y-axis for “bridge-type” and “loop-
type” conformations by using the domain size—molec-
ular weight relationships. Here, we use the theory of
Semenov® for simplicity instead of the theory of Helfand
and Wasserman since both theories agree with the data
of diblock copolymers as previously reported.!® As
mentioned above, the lamellar domain spacings of ABA
triclock copolymers are almost equal to those of diblock
copolymers obtained by cutting the middle block at the
center. If this approximation can be applied to the
theory of Semenov,? the lamellar domain spacing (D) of
ABA triblock copolymers with “loop-type” conformation
is given by

D = (1/6)V%(48/7%) by VEN?? (4)

where N is the number of segments in an ABA triblock
copolymer. It is to be noted that this equation is equal
to that of ABA triblock copolymers with “bridge-type”
conformation if the chain conformation is the same as
that of a block chain of a diblock copolymer. Since the
free energy and hence the lamellar domain spacing do
not depend on the composition, it is difficult to deter-
mine which type of conformation is favorable in terms
of composition. However, we have good reasons for
speculating that the “loop-type” conformation is favorable
for the molecular with a ¢p of 1/ and the “bridge-type”
conformation is favorable for the molecule with a ¢ of
1/4. Diblock copolymers have lamellar structures when
¢ values are around !/ s, while ABC triblock copolymers,
whose midblock chains must have “bridge-type” confor-
mation, show lamellar structures when ¢p values are
around 1/3.28

In our present PSP triblock copolymer case, if we can
assume that the domain spacing (D) is proportional to
the chain dimension along the y-axis, L,, we have L, o
D/4 for the “loop-type” conformation of the triblock
copolymer with ¢g = Y, (Figure 12b) and L, < D/3 for
the “bridge-type” conformation when ¢s is /3 (Figure
12a). Therefore, using eq 4, we have the ratio of the
dimension along the y-axis of “bridge-type” to that of
“loop-type”, i.e., Lyp/Ly1 = (Y5)¥3/(1/2)¥3 = (16/3)13 =
1.75, if the molecular weights of the middle block
polymers are the same. This value can be compared
with the experimentally-obtained ratio of the radius of
gyration along the y-axis, Rg,, since Ry, may be
proportional to Ly. Correcting for the molecular weight
difference between polystyrenes in blends I and IV by
assuming that the molecular weight dependence of Ry,
is given by Ry, «« M%3, we have 1.37 for the ratio of the
radius of gyration of polystyrene block in blend I to that
in blend IV. Since the experimental ratio is between 1
and 1.75, we conclude that the “loop-type” conformation
is favorable for the molecule with o ¢s of 1/3, while the
“bridge-type” conformation is favorable for the molecule
with a ¢s of /3, as speculated, though in fact both
molecules allow two conformations.

To understand the contraction of middle block poly-
mers in the direction parallel to lamellae, ie., 0, < 1,
we compare the volumes of the deformed chain coils
with those of the unperturbed coils, as reported previ-
ously.!” Assuming that the segments in the deformed
coil form an ellipsoid of revolution, of which the principal
radii are proportional to the radii of gyration, Rg, and
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Table 4. Estimation of Volumes Occupied by Polystyrene
Blocks for Two Blends

blend code 1074 M, os V¢ (nm3) Vb (nm3)
I 2.97 0.32 2.933 2.84°
v 443 0.50 3.393 3.473

@ Volume of the deformed coil. ? Volume of the unperturbed coil.

R, . (=R;;), and the segments in the unperturbed coil
form a sphere, of which the radius is proportional to
the unperturbed radius of gyration, Rg, the volumes
of the deformed (Vy) and the unperturbed (V) coils are
proportional to R, ,?R;, and Ry :°, respectively, where
k =x,y,orz. As shown in Table 4 both volumes agree
with each other irrespective of composition. Therefore,
the more the block chain is extended in the direction
perpendicular to lamellae, the more it is contracted in
the parallel direction. This implies that the middle
block polymers in ABA triblock copolymers are con-
tracted so as not to change the degree of overlapping
from the unperturbed state, irrespective of their chain
conformations, similarly to block chains of diblock
copolymers, as reported previously.!”
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