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ABSTRACT: We critically tested the contrast matching technique in the small-angle neutron scattering from
block polymers to study the molecular conformation of a block polymer chain in microdomain space. It was
found that the blending of deuteriated and undeuteriated block polymers with a composition to produce zero
contrast (“contrast matching”) does not always result in true contrast matching even in the case of the two
block polymers mixed at a molecular level in thé microdomain space. The true matching is expected to occur
only in the case when the deuteriated block polymers overlap each other in the domain space to produce uniform
segmental density of their own at the given composition, giving rise to the zero contrast between each
microdomain. However, even in the event of incomplete contrast matching, the suppression of the domain
scattering by 2 orders of magnitude was attained, which enabled us to measure the component of the radius
of gyration of the block polymer chain parallel to the interface with much better accuracy than the previous
work without the contrast matching. The component was again found to be 70% of the component for the

unperturbed chain.

I. Introduction

~ In a previous paper' we reported an analysis of the
molecular conformation of a block polymer chain in a
microphase-separated domain space by small-angle neu-
tron scattering (SANS) with a deuterium labeling tech-
nique;”7 i.e., A polymer chains of an AB diblock polymer
were labeled with deuterium, and the labeled block poly-
mer was mixed with an unlabeled AB diblock polymer
having the same degree of polymerization and the same
composition in order to study the molecular conformation
of an A block chain in the A domain space. Assuming (i)
identical degree of polymerization for labeled and unla-
beled block polymers, (ii) homogeneous mixing of labeled
and unlabeled block polymer chains in the microdomain
space, and (iii) no volume change on the mixing of the two
block polymers, the SANS intensity from the mixture is
given by

*Presented in part at the 35th annual Meeting, the Society of
Polymer Science, Japan, May 28-30, 1986. Hasegawa, H.; Tanaka,
H.; Hashimoto, T.; Han, C. C. Polym. Prepr., Jpn., Soc. Polym. Sci.,
Jpn. 1986, 35, 1075.
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I(g) = ¢p(1 - ¢p)lay - aD)2¢AP(Q) +
lag(1 - ¢p)/Va + apgp/Va - ag/Vs]*S(q) + I;, (1)

where ¢p is the volume fraction of the deuterium-labeled
polymer chain in the A microdomain, ay and ap, are the
scattering length of the protonated and deuteriated A
monomer unit, respectively, P(g) is the molecular scat-
tering function of the A block chains, S{(g) is the scattering
function from the microdomain structure, ¢, is the volume
fraction of the A microdomain, and I, is the net incoherent
intensity. Thus the coherent intensity from the mixture
is given by simple addition of the domain scattering and
the molecular scattering from which the radius of gyration
of the block polymer chain is obtained.

The conformation analysis of a block polymer chain in
domain space is an interesting problem from the viewpoint
of statistical mechanics of confined chains, i.e., random
walk chains confined in a certain domain space with one
end at the interface, while satisfying the uniform space-
filling requirement with their segments. The chain in the
domain space was found to be expanded along the direc-
tion perpendicular to the interface, and its dimension along
this direction was found to control the domain size.>% All

© 1987 American Chemical Society
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the theories of the microdomain of the block polymer®®!%-14
assume no lateral perturbations; i.e., the block polymer
chains in the domain space are unperturbed in the lateral
direction. The hypothesis should be critically tested, and
the SANS technique is the most powerful technique for
this purpose.

In the previous study! the solvent-cast films of the
polystyrene—polyisoprene diblock polymers (polystyrene
chain being labeled) had a lamellar morphology. The
lamellar microdomains were aligned extremely well with
their interfaces parallel to the film surfaces. Therefore,
it was possible to measure separately the components of
radius of gyration of the block polymer chain parallel and
perpendicular to the lamellar interface. The relationship
between the perfectly aligned lamellar microdomains and
the corresponding SANS patterns was schematically il-
lustrated in Figure 8 of ref 1. When the neutron beam is
irradiated perpendicular to the lamellar interfaces
(“through radiation”), only the molecular scattering from
deuteriated polystyrene block chains causes the coherent
scattering. On the other hand, when the neutron beam
is irradiated parallel to the lamellar interfaces (“edge
radiation”), along the direction normal to the lamellar
interfaces, i.e., for the observations at & = 90° (P is the
azimuthal angle defined in Figure 8 of ref 1), the sharp
diffraction spots by the lamellar microdomain structure
(domain scattering) superimpose on the molecular scat-
tering. When the observations were made under the edge
radiation and along the direction parallel to the interface,
i.e., for the observations at ® = 0°, the coherent scattering
arises only from the molecular scattering. In the sol-
vent-cast films a small fraction of lamellar microdomains
are misaligned, and some of them have their interfaces
perpendicular to the film surfaces. Therefore the domain
scattering from the misaligned lamellae superposed on the
molecular scattering even for the through radiation. The
intensity of the domain scattering from the misaligned
lamellae was on the same order of the magnitude as that
of the molecular scattering.!

In order to extract the molecular scattering, the domain
scattering as evaluated by the scattering from pure block
polymer films had to be subtracted from the net coherent
scattering from the mixture of deuteriated and undeu-
teriated block polymers. In the subtraction, information
on the degree of lamellar orientation simultaneously de-
termined by small-angle X-ray scattering (SAXS) on the
same specimens as those used for SANS was utilized. Thus
the component of the radius of gyration of the block
polymer chains parallel to the lamellar interfaces was ob-
tained from the SANS intensity distribution under the
through radiation as well as the intensity distribution along
the direction parallel to the film surface under edge ra-
diation. However, deuterium labeling of polystyrene block
chains enhances the domain scattering from the poly-
styrene—polyisoprene lamellae as can be predicted from
the coefficient of S(g) in eq 1. Because even the undeu-
teriated polystyrene has a larger scattering cross section
for neutrons than polyisoprene, blending the deuteriated
polystyrene—undeuteriated polyisoprene block polymer
further enhances the contrast of the polystyrene domains
relative to the polyisoprene domains. Consequently the
intensity of the domain scattering observed along the
direction normal to the film surface in the SANS under
edge radiation was 2 orders of magnitude larger than that
of the molecular scattering. Thus the accuracy of the value
of the component of the radius of gyration of the block
polymer chain perpendicular to the lamellar interface
obtained by the subtraction of the domain scattering was
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very poor.! In order to suppress the strong domain scat-
tering and to obtain the intensity of the molecular scat-
tering with good accuracy, the contrast-matching technique
was employed in this study.

The contrast-matching technique was first employed to
the SANS study of the chain conformation in a microdo-
main space of block polymers hy Bates et al.” They used
mixtures of polystyrene—polybutadiene block polymers (SB
series) and polystyrene—perdeuteriated polybutadiene
block polymers (SB series). Since the scattering length
per unit volume of polystyrene for neutrons is larger than
that of polybutadiene but smaller than that of per-
deuteriated polybutadiene, the average scattering length
per unit volume of polybutadiene microdomain in a mix-
ture of SB and SBy can be adjusted to match that of the
polystyrene microphase by choosing an appropriate mixing
ratio, if a uniform mixing of undeuteriated and per-
deuteriated polybutadiene block chains in the microdo-
mains is assumed. This assumption is reasonable ac-
cording to our previous study!® which proved uniform
mixing of undeuteriated and perdeuteriated polystyrene
block chains in the microdomain space. In the case of such
contrast matching, the contrast factor C of the domain
scattering which is given by

C = [aug(1 - ¢p)/Va + ap¢p/Va - ag/Vs]* (2)

becomes zero and only the molecular scattering can be
observed as the coherent scattering from the mixtures.
Bates et al.” successfully cancelled out the scattering from
spherical microdomains of polybutadiene by mixing 16%
SB, with SB. They found that the overall radius of gy-
ration of the labeled block polymer chains at the equilib-
rium condition is equal to that of corresponding homo-
polymers, at least for the case where the two block poly-
mers SBy and SB are similar in terms of total molecular
weight and fraction of polystyrene component, and con-
cluded that the block polymer chain in the domain space
is unperturbed. Although they obtained the overall radius
of gyration of the block polymer chains, the evaluation of
the components of the radius of gyration parallel and
perpendicular to the interface was not performed because
the average orientation of the block chains in spherical
microdomains was random. Since the distribution of the
segments for a block chain in the domain space is generally
asymmetric, their experimental observation does not
necessarily lead to their conclusions that the block polymer
chain in domain space is unperturbed. If the chain ex-
pansion normal to the interface is counterbalanced by the
chain contraction parallel to the interface, the overall ra-
dius of gyration of the block chain can be equal to that for
the unperturbed chain. However, this does not mean at
all that the block chain is physically unperturbed.

We used a mixture of an unlabeled polystyrene—poly-
butadiene block polymer and a polystyrene—perdeuteriated
polybutadiene block polymer following the example of
Bates et al.” In contrast to their work, we employed a
lamellar morphology with a very high macroscopic orien-
tation to obtain the components of the radius of gyration
parallel and perpendicular to the interface and to estimate
the asymmetry in the spatial segmental distribution. But
we found that there was a fundamental problem in the
contrast-matching technique (section III-2). If the con-
centration of the deuteriated polybutadiene block chains
is not sufficiently large at the contrast-matching compo-
sition, in some cases the deuteriated segments cannot be
distributed homogeneously in the microdomain space
(incomplete contrast matching). This happens when the
radius of gyration of the deuteriated polymer chains is
limited and the deuteriated chains do not sufficiently
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Table I
TOKI-12/B-7 Blend Composition

Table I
Sample Characterization
total mol .
sample type of  wt (M) HPS fraction

code polymer x 104 M,/M, wt % mol % vol %
TOKI-12 HPS-HPB 9.99 1.02 51.2 35.3 47.0
B-7 HPS-DPB 8.49 1.02 56.2 40.0 54.6
H-7 HPB 10.9¢ 1.34 0 0 0
H-9 DPB 4,94 1.07 0 0 0

¢This molecular weight was measured by GPC (polystyrene
equivalent). The others were measured by osmometry.

overlap each other. The inhomogeneity of the concen-
tration of the deuteriated segments in the directions both
parallel and perpendicular to the lamellar interfaces causes
the domain scattering. Consequently, the component of
the radius of gyration of the block polymer chain per-
pendicular to the lamellar interface could not be obtained
even with the contrast-matching technique for our par-
ticular case. On the other hand, the domain scattering in
the through radiation was suppressed by 2 order of mag-
nitude with this contrast-matching technique. Therefore,
the component of the radius of gyration of the block
polymer chains parallel to the lamellar interface could be
determined with much better accuracy than in our pre-
vious work! done by the subtraction technique (section
III-2). Possible sources of the incomplete contrast
matching will be discussed in section III-3.

1I. Experimental Section

Deuteriated 1,3-butadiene monomer (Dg, 98%) was purchased
from Cambridge Isotope Laboratory.!® In addition to an ordinary
amount of moisture this monomer contained a large amount of
unknown impurities which violently react with n-butyllithium
to form two kinds of precipitates. One is white and the other is
black. Therefore, after drying the monomer with calcium hydride
and degassing, these impurities had to be removed by reacting
with a large quantity of n-butyllithium. One to seven milliliters
of 2.4 N n-butyllithium solution in n-hexane was poured from
an ampule into a vacuum vessel for the purification reaction and
the n-hexane was removed by distillation before mixing the
deuteriated butadiene monomer with the n-butyllithium. The
purification process was repeated 7 times. After that the pre-
cipitates did not further form and the n-butyllithium remained
reactive. A total of 7.3 mmol of n-butyllithium was used to purify
45 mL of the deuteriated butadiene monomer. Twenty milliliters
of the monomer remained after the purification. A poly-
styrene~deuteriated polybutadiene block polymer (B-7) was
synthesized by anionic polymerization at 30 °C under high vacuum
with sec-butyllithium as the initiator and benzene as the solvent.
Styrene monomer and the deuteriated butadiene monomer were
sequentially added to the mixture of the solvent and the initiator.
The unlabeled polystyrene-polybutadiene block polymer (TOK-
1-12) of matching composition and matching degree of polym-
erization with B-7 was synthesized by a large-scale anionic po-
lymerization under argon atmosphere in a 100-L flask, and 2.2
kg of polymer was yielded. Otherwise the polymerization con-
ditions of TOKI-12 were the same as those of B-7. The details
are reported elsewhere.!” An undeuteriated and a deuteriated
polybutadiene homopolymer (H-7 and H-9, respectively) were also
prepared by anionic polymerization with the same conditions as
B-7 in order to determine the Kuhn statistical segment length
for bulk polybutadiene with this particular microstructure.

The number-averaged molecular weights determined by
high-speed membrane osmometry were 9.99 X 10* (M,,/M, = 1.02
by GPC) for TOKI-12, 8.49 X 10* (M,,/M, = 1.02) for B-7, and
4.94 X 10* (M,,/M,, = 1.07) for H-9. The number-averaged mo-
lecular weight (polystyrene equivalent) of H-7 assessed by GPC
was 1.09 X 10° (M,,/M,, = 1.34). The compositions of the block
polymers were obtained from the ratios of the molecular weights
of the polystyrene precursors and the block polymers. The weight
fractions of the polystyrene components were 0.512 for TOKI-12

blending ratio, wt %

sample TOKI-12 B-7 X
1 81.5 18.5 0.155
2 80.7 19.3 0.162
3 79.9 20.1 0.169

“Mole fraction of deuteriated species in monomeric units in po-
lybutadiene microdomains. At the contrast matching composition
X is 0.165.
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Figure 1. Zimm plot for small-angle neutron scattering of H-
7/H-9 (protonated and deuteriated polybutadiene blends).

and 0.562 for B-7. These numbers are listed in Table I.

The films used for the SANS measurements were prepared by
casting 10% solutions of these polymers and polymer mixtures
in toluene. In addition to the films of pure TOKI-12 and pure
B-7, the films of TOKI-12/B-7 mixtures were prepared in several
compositions which were all in the vicinity of the contrast-
matching composition but slightly different from each other. The
purpose of this is to obtain specimens truly close to the con-
trast-matching composition. Because there might be an exper-
imental error in the determination of the copolymer compositions,
the calculated contrast-matching composition may not be nec-
essarily equal to the true contrast-matching composition. SANS
intensity profiles of all the mixture films were examined first with
short exposure time, and three of the mixtures closest to the
contrast matching composition (TOKI-12/B-7 blends no. 1, 2, and
3) were chosen. SANS measurements were done for the films of
these three mixtures (listed in Table II) and the two pure block
polymer films.

SANS measurements were performed by using the NBS
small-angle neutron scattering instrument!®!® with a two-di-
mensional position-sensitive detector (65 X 65 cm?; 5-mm elec-
tronic resolution). The experimental conditions are the same as
those previously reported! except for the collimation. A 12-
aperture focusing configuration was used for the block polymer
measurement and a four-aperture iris configuration was used for
homopolymer measurement. An wavelength of 6.0 A was used
for all the measurements.

III. Results and Discussion

1. Determination of Statistical Segment Length for
Polybutadiene., Kuhn statistical segment length (b) of
polybutadiene in bulk was evaluated from the SANS data
of H-7 (undeuteriated polybutadiene)/H-9 (deuteriated
polybutadiene) blends. SANS intensity data were obtained
for the blends with 1.5, 3.0, and 6.0 wt % H-9 in H-7. A
Zimm plot is shown in Figure 1. The radius of gyration
evaluated from the slope of the straight line obtained by
extraporating to zero concentration of H-9 (c = 0) was 94.4
A and, therefore, the Kuhn statistical segment length was
7.55 A.2 This value was used to calculate the component
of the radius of gyration (R, ,) of the unperturbed deu-
teriated polybutadiene chain corresponding to the deu-
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Figure 2. Dependence of calculated neutron contrast factor (C)
on mole fraction (X) of deuteriated butadiene segments in mi-
crodomain space for the mixture of an unlabeled polystyrene—
polybutadiene block polymer and a polystyrene—deuteriated (98%
D) polybutadiene block polymer.

teriated polybutadiene block chain in B-7 (R, = 44.3 A).

It should be noted that the isotope effects on the mea-
surements of the single-chain conformation have been
reported to be very significant in several systems (e.g.,
segregation effects of the labeled chain during crystalli-
zation, a change of the cloud-point curve by deuteriation
of one of the components in polymer blends,? UCST be-
havior in isotope blends,?®?” and so on). In case of pro-
tonated polystyrene—polyisoprene block polymer/deuter-
iated polystyrene—polyisoprene block polymer blends,
homogeneous mixing of deuteriated and protonated seg-
ments in microdomain space was proved."'* It was also
shown that the interaction parameter between protonated
and deuteriated polystyrenes was so small that phase
separation of the blends of these isotopically labeled
polymers did not occur under common experimental con-
ditions,” although there is a controversy on this subject.?®
In contrast, the possibility of the phase separation between
H-7 and H-9 should be carefully examined, since Bates et
al.??" reported that blends of protonated 1,4-polybutadiene
(M,, = 2.5 % 10°) and perdeuteriated 1,4-polybutadiene (M,
= 2.1 X 10%) had a UCST phase diagram and were phase
separated at room temperature due to isotope effects.
However, Bates et al.??" also reported that no phase
separation was observed for the blends of protonated
1,4-polybutadiene (M, = 4.9 X 10%) and perdeuteriated
1,4-polybutadiene (M, = 2.5 X 10°) at room temperature.
Therefore, the phase separation due to isotope effect can
be ruled out for H-7/H-9 blends, because their molecular
weights are small enough to form miscible blends at room
temperature. In addition, the concentrations of H-9 used
for the SANS measurements were very low (<6.0%), which
also makes phase separation less probable. In fact, the
radius of gyration of H-9 determined from the SANS
analysis was reasonable for a single chain of M, = 4.94 X
10*. If H-9 chains had segregated, the radius of gyration
would have been much larger.

2. Analysis on Contrast Matching and Conforma-
tional Studies. Contrast factor C for the mixtures of B-7
and TOKI-12 was calculated by using eq 2 and log C was
plotted against the mole fraction (X) of the deuteriated
species in the monomeric unit in Figure 2. X is essentially
the same as the volume fraction ¢p, assuming no difference
between the molar volumes of deuteriated and undeuter-
iated monomeric units. The values of the scattering length
per monomeric unit used in the calculation were 6.537 X
107*2 cm for deuteriated (98% D) polybutadiene (ap), 0.416
X 107!2 ¢m for protonated polybutadiene (ay), and 2.328
% 1072 cm for protonated polystyrene (ag) based on the
reported coherent scattering lengths® for the D atom
(0.667 X 102 ¢m), the H atom (-0.374 X 1072 ¢m), and
the C atom (0.665 X 10712 cm). The densities of protonated
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Figure 3. Small-angle neutron scattering profiles (net coherent
scattering) from TOKI-12/B-7 blend no. 2 for edge radiation at
$ = 90° and ¢ = 0° and through radiation.

polystyrene and protonated polybutadiene used in the
calculation were 1.052% and 0.89%, respectively. According
to the results in Figure 2, the contrast match should occur
at X = 0.165 where contrast factor C becomes zero. The
calculated result also suggests that tae intensity of the
domain scattering of the mixture becomes less than !/ 4
of that of the pure unlabeled block polymer (TOKI-12)
when 0.160 < X < 0.171. The domain scattering from such
a mixture is considered to be negligibly small compared
with the molecular scattering. According to Table II,
TOKI-12/B-7 blends no. 2 and 3 are in this composition
range (X = 0.162 and 0.169, respectively), and the con-
trast-matching composition is located between these two.

Figure 3 shows the SANS profiles from TOKI-12/B-7
blend no. 2, the mixture closest to the contrast-matching
composition. This mixture gave the SANS profiles least
affected by the domain scattering, suggesting that the
determination of the copolymer composition was accurate.
Two-dimensional intensity data were either circular av-
eraged or sector averaged to obtain the scattering intensity
distribution curves. For the edge radiation the neutron
counts were averaged in sectors of £5° width in two azi-
muthal angle directions, ® = 90° denoting the direction
normal to the film surface (or lamellar interface) and &
= (° denoting the direction parallel to the film surface.
For the through radiation the neutron counts were circular
averaged. According to the calculation of the contrast
factor, the strong domain scattering should not be ob-
served. However, the profile for the edge radiation at &
= 90° shows a sharp peak caused by the strong domain
scattering. Weak peaks of domain scattering are also ob-
served in the profiles for the edge radiation at ® = 0° and
the through radiation. These observations suggests that
the contrast matching could not be achieved as expected
from the composition analysis based upon eq 2. Although
the intensity is shown in relative scale in Figure 3, the
intensities of different profiles can be compared to each
other. It should be noted that the peak intensity for the
edge radiation at & = 90° is considerably higher than that
for the edge radiation at ® = 0° and that for the through
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Figure 4. Small-angle neutron scattering profiles of TOKI-12/B-7
blend no. 2 for (top) through radiation and (bottom) edge radiation
at ® = 0°. Net coherent scattering (circles) and scattering after
subtraction of domain scattering by eq 3 (triangles) and eq 4
(squares).

radiation. The profiles and the peak intensities of the
latter two seem to be the same. In order to obtain the
molecular scattering function P(g) from such data, it is
necessary to subtract the domain scattering intensity from
the net coherent scattering intensity as performed in our
previous work with HSI/DSI (unlabeled polystyrene—po-
lyisoprene block polymer/deuteriated polystyrene—un-
deuteriated polyisoprene block polymer) system.! In
contrast with the HSI/DSI system there is no theoretical
basis for subtraction in the case of TOKI-12/B-7 blends
because no significant domain scattering should appear in
principle for the blend with the contrast-matching com-
position. Nevertheless, we tried the subtraction of domain
scattering from the net coherent scattering. The sub-
traction was empirically performed by two methods using
either of the following equations:

P(q) ~ I3(q) = I(q) — Klrokr12(q) 3)

P(g) ~ Is(g) =
Lei(@) = Kldrokrielrokii12(q) + ¢8.7lp1(q)] (4)

where Ig(g) is the intensity related to molecular scattering,
I,..(g) is the net coherent scattering intensity. Itogris(q)
and Jp.;(q) are the coherent scattering from the polymer
films of TOKI-12 and B-7, respectively, and correspond
to the domain scattering intensity. ¢rogr1e and ¢p.- are
the volume fraction of TOKI-12 and B-7 in the blend, and
K is a constant which is used as an adjustable parameter.
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Figure 5. Guinier plot for TOKI-12/B-7 blend no. 2 for edge
radiation at & = 0° and through radiation.

Equation 3 assumes no change of domain structure in
TOKI-12, B-7, and the blend, while eq 4 takes care of the
minor correction for the slight difference of the domain
structure between TOKI-12 and B-7. The results are
shown in Figure 4 for the through radiation and the edge
radiation at & = 0° of TOKI-12/B-7 blend no. 2. The data
points marked by circles, triangles, and squares designate,
respectively, the net coherent scattering intensity, the in-
tensity corrected by using eq 3, and that by using eq 4.
Regardless of the subtraction methods, the subtraction of
the domain scattering does not change the scattering in-
tensity at all ¢’s except for the small g region where the
first-order peak of the domain scattering exists, even when
the K value is overestimated, i.e., the scattering curve
shows a dent at the g region where there used to be the
peak. This suggests that the domain scattering intensity
under the through radiation and the edge radiation at &
= 0° for the blend with the contrast matching composition
is negligibly small compared with the molecular scattering
intensity except for the small g region near the first-order
peak. Thus the radius of gyration of the block polymer
chain can be analyzed with very good accuracy from the
net coherent scattering curves for the through radiation
and the edge radiation at & = 0° by using portions of the
scattering profiles unaffected by the subtraction methods,
i.e., if the data near the first-order peak of the domain
scattering are omitted.

The Guinier approximation® is the only way to analyze
the molecular scattering from the oriented block chains
with no spherically symmetric segmental distribution.?®
The relation between the scattered intensity distribution
at ® = 0° and the corresponding component of the radius
of gyration of the block chain R,, is given by

P(g) ~ exp(-¢*R;?) (5

Figure 5 shows the Guinier plots for the edge radiation at
& = 0° and the through radiation of TOKI-12/B-7 blend
no. 2. The data points are plotted for the Guinier region
(R4 =< 1.3).** The data points at the peak region were
omitted. Both data fall on straight lines with the same
slope except for the first two points on the small ¢ side
which deviate upward from the straight line. These two
points are considered to be affected by the tail of the
domain scattering due to the misaligned lamellae and were
omitted from the least-square fit. The value of R, ,,, the
component of radius of gyration parallel to the lamellar
interface, evaluated from the slope was 32 A. The ratio
Ry m/Rexois 0.72. This result coincides very well with the
previous results by us! and by Hadziioannou et al.® for the
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Table II1
Radius of Gyration of Block Polymer Chains in the Lamellar Domain Space
sample (M) block X 10* R, ., A R0 A Rexm/Rexo R A R,.. A Ryp A ref
B-T 3.34 32 44.3 this work
DSI? 4.05 22 30.5¢ 36 48 52 1
SDI-7° 6.89 30.8 39.8¢ 6
SDI-12° 11.07 33.6 50.4¢ 6

2 Deuteriated polybutadiene chains of HPS-DPB block polymer.

*Deuteriated polystyrene chains of DPS-HPI block polymer.

<Calculated by using 6.8 A for the Kuhn statistical segment length for unperturbed perdeuteriated polystyrene chains.

conformation of the deuterium-labeled polystyrene chain
in the domain space as compared in Table III. Thus the
following result was also confirmed for polybutadiene block
chains: compared with the unperturbed homopolymer
chains with the same molecular weight, block chains in the
domain space take a squeezed conformation in the direc-
tion parallel to the interface, therefore the interpenetration
of the neighboring block chains is considerably decreased
from the case that one would expect for the unperturbed
chain.! The chains are contracted in the lateral direction
in the microdomain space. It should be added that even
if the literature value®” of the Kuhn statistical segment
length of polybutadiene (b = 6.9 A) is used to calculate
R, it does not change this conclusion at all (Ryy pm/Rgy 0
=0.79 for b = 6.9 A).

3. Conditions To Attain True Contrast Matching
in Block Polymers. Next to be considered is why the
contrast-matching technique could not eliminate domain
scattering. There are two possible reasons for the incom-
plete contrast matching: (i) incomplete overlap of the
segments of deuteriated block chains at the matched
composition in spite of uniform mixing of deuteriated and
undeuteriated polybutadiene block chains and (ii) segre-
gation between the deuteriated and undeuteriated block
chains within the microdomain space due to the isotope
effect.

First, the former case is examined. Uniformity of the
distribution of the deuterium-labeled segments in the plane
along the lamellar interface is examined below. The av-
erage interfacial area per block chain, S, is given by the
following equation:

S = 20M /DN, (6)

Here N, is Avogadro’s number, U is the average specific
volume, M is the total number-averaged molecular weight,
and D is the lamellar spacing of the block polymer. The
values of 7, M, and D obtained for TOKI-12/B-7 blend no.
2 were, respectively, 1.027 X 102 A3/g, 9.74 X 10%, and 438
A, and these numbers were used in the calculation below.
Then the average interfacial area per single block chain
(S) is 759 A? (SY/2 = 27.5 A). Therefore, for the blend with
the contrast-matching composition (16.5 mol %D) the
interfacial area occupied by a single deuteriated block
chain is 4600 A? (759 A%/0.165). In other words, this is the
minimum area that has to be occupied by the segments
of one deuteriated block chain in order to achieve overlaps
of the deuteriated segments and hence to achieve uniform
distribution of the deuteriated butadiene segments in the
plane along the lamellar interface. This value heavily
depends on the blend composition. It should be noted that
the uniform distribution of the segments requires a sub-
stantial overlap and hence a wide area has to be covered
with a single deuteriated chain. However, the cross-sec-
tional area of a single deuteriated block chain estimated
from the component of radius of gyration parallel to the
interface (Ryym = 32 A) is only 3200 A2 (w(Ry, ,)?). This
is only 70% of the area that should be covered by at least
one deuteriated block chain for the distribution of the
deuteriated segments without interstices. This situation
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Figure 6. Schematic representation of imperfectly contrast-
matched lamellar microdomains (left) and profiles of neutron
scattering length along paths 1, 2, and 3 (right).

is schematically illustrated in Figure 6. Figure 6 em-
phasizes the contrast mismatch in the lateral direction.
However, the mismatch occurs also in the longitudinal
direction, i.e., along the Z direction.

When the concentration of the deuteriated poly-
butadiene chains at the contrast-matching composition is
not large enough, the fluctuation of the segmental density
distribution of deuteriated segments in the polybutadiene
microdomain becomes significant as shown in Figure 6. In
other words, insufficient addition of deuteriated species
creates deuterium-rich regions and hydrogen-rich region
which becomes a new scattering source. For example,
neutron scattering length along paths 1, 2, and 3 in Figure
6 gives different profiles as shown in the right side of the
figure. Let us consider the scattering in the Z direction
designated in Figure 6 when the neutron beam is irradiated
from the normal to the paper.

The region like path 1, if it existed alone, does not cause
any scattering due to the periodical microdomain structure
since the contrast between PS and PB domains is matched.
On the other hand, the regions like paths 2 and 3, if they
existed alone, cause scattering due to the domain structure.
Two effects are expected from this imperfectly contrast-
matched structure. One effect is that the domain scat-
tering observed will be much weaker than that of the pure
block polymer systems because the contrast matching is
attained in most of the sample. The other effect is that
coexistence of the regions like path, 2 and 3 gives the same
effect as the increase of the domain size distribution re-
sulting in increase of Hosemann’s g factor,!'% go that the
higher order scattering maxima vanish. These two effects
were examined below.

Figure 7 shows the net coherent scattering curves under
the edge radiation at ® = 90° for the three blends (Figure
7a, top) and the two pure block polymers (Figure 7b,
bottom). These profiles correspond to the scattering in-
tensity distribution in the Z direction in Figure 6. The
scattering profiles of the TOKI-12/B-7 blends in Figure
7a all exhibit a single scattering maximum and no higher
order peaks, while in the profiles of the pure block poly-
mers, TOKI-12 and B-7 in Figure 7, bottom, at least the
third-order peaks can be recognized. This result supports
the model considered above.
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Table IV
Comparison of SANS Peak Intensity and Peak Width of the
First-Order Maximum for the Edge Radiation at & = 90°

peak
intensity® ratio contrast fwhm,
sample I, au I/Itokis  factor® C A
B-7 2739245 7.23 26.09 0.0058
TOKI-12 378755 1.00 1.026 0.0058
TOKI-12/B-7 57232 0.151 0.00412 0.0060
blend no. 1
TOKI-12/B-7 29755 0.0786 0.000456  0.0061
blend no. 2
TOKI-12/B-7 32709 0.0864 0.000461  0.0062
blend no. 3

“Net coherent scattering intensity measured at ¢ = 0.0143 A~
(the first-order peak position). ?Calculated by eq 2.

The intensity measured at the first-order peak position
(g = 0.0143 A1) for the five curves in Figure 7 and the
corresponding full width at half-maximum (fwhm) are
listed in Table IV. According to the calculation of the
contrast factor C, the domain scattering intensity from the
blends is expected to become ca. /g of that of pure
TOKI-12. However, the peak intensity of the blends is
only ca. !/ of that of pure TOKI-12. Although the peak
intensity is the sum of the domain scattering intensity and
the molecular scattering intensity, the latter is considered
to be much lower than the former. Therefore, it can be
concluded that significantly high domain scattering in-
tensity was observed for the blends with near contrast-
matching composition but this domain scattering intensity
is much lower than that of the pure block polymers. The
peak widths at the first-order maximum are a little larger
for the blends than the pure block polymers, suggesting
the optical effect resulted from adding the deuterium-la-
beled chain, i.e., increase of the disordering in the peri-
odicity of the scattering length. These results also support
the model discussed above.

The possibility of segregation between the deuteriated
and undeuteriated polybutadiene block chains can be also
considered because of the incomplete contrast matching.
Berney et al.?® reexamined the SANS data obtained for
the SBy;/SB, mixture by Bates et al.” and attributed the
excess scattering to the clustering of the deuteriated chains.
In our case this possibility can be ruled out. The most
convincing experimental evidence which supports no
clustering of the deuteriated polybutadiene chain is that
R i m of the deuteriated polybutadiene block chain from
Guinier plot (32 A) was much smaller than R,, , expected
for the corresponding unperturbed chain (44.3 R). If there
had been any segregation of the deuteriated chains, R, ,
should have been much larger than R, ;. In addition, the
molecular weights of the deuteriated and undeuteriated
polybutadiene block chains are small enough (<4.9 X 10%)
to form missible blends of any composition at room tem-
perature according to the results of homopolymer blends
reported by Bates et al.262"7 Moreover, the low concen-
tration of the deuteriated polymer (16.5%) makes the
segregation less probable. Thus the incomplete overlap
of the deuteriated block chains is considered to be the
reason for the incomplete contrast matching.

The domain scattering that appeared in scattering
profiles of the blends for the through radiation and the
edge radiation at & = 0° is due to the misaligned lamellae,
the volume fraction of which is very small from the be-
ginning. Therefore, this domain scattering is weak even
without contrast matching. The contrast-matching tech-
nique further reduces the domain scattering intensity from
the misaligned lamellae to become negligible compared
with the molecular scattering. Therefore, by using the
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Figure 7. Small-angle neutron scattering profiles (top) from
TOKI-12/B-7 blends no. 1, 2, and 3 and (bottom) from pure block
polymers B-7 and TOKI-12 for edge radiation at & = 90°.

contrast-matching technique molecular scattering can be
evaluated much more accurately than by the subtraction
technique,! which leads us to believe definitely the lateral
contraction of the chain conformation in the domain space.

IV. Conclusions
The SANS contrast-matching technique by blending

polystyrene—polybutadiene block polymer and poly-
styrene—perdeuteriated polybutadiene block polymer did
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not work well as expected. The domain scattering could
not be completely eliminated. This is because the con-
centration of the deuteriated block polymer chain at the
contrast-matching composition is too low and there is not
enough overlapping of the deuteriated chains which is
necessary to produce the homogeneous distribution of the
deuteriated segments in the domain space and zero con-
trast between polystyrene and polybutadiene microdo-
mains, Consequently, the component of the radius of
gyration of the block polymer chains perpendicular to the
lamellar interface (R, ,,) could not be obtained.

However, the contrast-matching technique is effective
for obtaining the component of the radius of gyration of
block chains parallel to the lamellar interface (R,,,,,) with
better accuracy than the subtraction technique. R, for
deuteriated polybutadiene block chains thus obtained is
70% of Ry calculated for the corresponding unperturbed
homopolymer chain. This result coincides with the pre-
vious result obtained for deuteriated polystyrene chains.!®

To achieve contrast matching successfully, it is necessary
to increase the concentration of the deuteriated block
chains. For this purpose it is necessary to use partially
deuteriated monomer instead of fully deuteriated mono-
mer.
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