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ABSTRACT: A series of five cyclic block copolymers of styrene and butadiene, having essentially the
same molecular weight (52 + 5 kg/mol) and PS volume fraction varying from 11 to 70%, were synthesized
by cyclization of o,w-dilithium polystyrene—polybutadiene—polystyrene triblock copolymers with bis-
(dimethylchlorosilyl)ethane. The cyclic block copolymers thus obtained have practically the same molecular
weight and composition as their corresponding linear triblock copolymers. All materials were investigated
via transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS) techniques. In three
cases where the cyclic and the corresponding linear block copolymer had the same morphology, the domain
spacings of the cyclic block copolymers are found to be 84%—89% of those of their respective linear triblock
copolymers. In the other two cases different morphologies are found in the cyclic and its corresponding
triblock copolymer. Compared to their linear triblocks, the interfaces are curved away from the connected

end blocks.

Introduction

When the two chain ends of a linear ABA triblock
copolymer are linked to each other, a cyclic AB block
copolymer is formed. The molecular architectures of the
ABA triblock and AB cyclic block copolymers are il-
lustrated in Figure 1. Because of their unique closed
contour shape, cyclic block copolymers possess distinc-
tively different solution properties?2 and microdomain-
forming properties®~7 than linear block copolymer coun-
terparts.

In the microphase-separated states, because of their
molecular architecture, an AB cyclic block copolymer
can only adopt a double-looped conformation, where
both polymer blocks form loops in their respective
domains and the two junction points between the blocks
reside at the same interface. On the other hand, ABA
triblock copolymers can form single loops and/or bridged
conformations.® Therefore, an ABA triblock copolymer
may have its junction points confined at the same
interface (loops) or at two different interfaces (bridges).
It has been found that®~1° the percentage of triblock
copolymers forming bridges in the lamellar morphology
is around 40% over a wide range of yN, where y is the
Flory—Huggins interaction parameter and N the total
degree of polymerization.

Cyclic block copolymers have been found to have
smaller lamellar long periods than their corresponding
linear copolymers. Marko discussed the microphase
separation of cyclics and diblock copolymers of the same
composition and molecular weight and concluded that
the lamellar spacing ratio of a cyclic to its corresponding
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Figure 1. lllustration of an ABA triblock copolymer (a) and
an AB cyclic block copolymer (b).

diblock copolymer is about 0.67 in the strong segregation
limit.'* More recently, Jo and Jang,® by using Monte
Carlo simulations, found that the ratio of the domain
spacing between the cyclic diblock copolymer and the
corresponding linear diblock is 0.7. The lamellar spacing
ratio was predicted by Thomas et al.® to be weakly
dependent on yN and to vary between 0.60 and 0.62 for
diblock copolymer and between 0.90 and 0.98 for the
triblock counterparts. Their experimental results on
cyclic PS—PDMS and PS—P2VP and the corresponding
triblocks agree well with the prediction. Since the cyclic
block copolymers possess a double-looped conformation,
a nonnegligible fraction of chain segments must have
their trajectories parallel to the lamellar layers in both
microdomains. Thus, this fraction of the segments does
not contribute to lamellar long period in the normal
direction of lamellar, and consequently a decrease in
lamellar long period is expected.

Previous research comparing the domain spacings of
the cyclic and triblock copolymers has been limited to
lamellar morphologies. The focus of this study is to
probe the influence of molecular architecture on their
microphase separation behavior across a range of mor-
phologies. A group of a,w-dilithium polystyrene—poly-
butadiene—polystyrene (PS—PBD—PS) triblock copoly-
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Table 1. Molecular Characteristics of the Cyclic and Triblock Copolymer Precursors

My x 103°P Mp x 1030 Mw/Mp¢ % PS (w/w)e % PS (wiw)f

sample? (PBD) (copolymer) (copolymer) (copolymer) (copolymer)
(PS—PBD)c-11 42.0 47.2 1.06 12 14
PS—PBD—-PS-11 42.0 47.5 1.06 14 15
(PS—PBD)c-24 41.5 56.5 1.07 28 32
PS—PBD—-PS-24 41.5 55.9 1.07 29 30
(PS—PBD)¢-409 32.0 53.5 1.09 d 44
PS—PBD—PS-409 32.0 55.1 1.08 d 43
(PS—PBD)c-519 23.0 53.4 1.11 d 55
PS—PBD—-PS-51¢ 23.0 53.0 1.10 d 54
(PS—PBD)c-709 16.1 58.0 1.16 d 73
PS—PBD—PS-709 16.1 56.9 1.15 d 70

a Polystyrene block is perdeuterated. ® Membrane osmometry in toluene at 37 °C. ¢ Size exclusion chromatography in THF at 25 °C
with a DRI detector. 9 N/A, deuterated polystyrene. ¢ Obtained from *H NMR results in CDCls at 25 °C. f Size exclusion chromatography

in THF at 25 °C with a UV detector. 9 Deuterated PS blocks.

Table 2. Morphological Results of the Cyclic and Their Corresponding Triblock Copolymers

sample Mp (x1073)a fpsP D (nm)° Dc/Dr d morphology
(PS—PBD)c-11 47.5 10.8 32.7 random PS spheres
PS—PBD-PS-11 47.6 10.6 36.8 0.89 £+ 0.02 random PS spheres
(PS—PBD)c-24 55.9 24.0 34.6 PS cylinders
PS—PBD—-PS-24 56.0 23.9 41.0 0.84 +£0.02 PS cylinders
(PS—PBD)c-40 55.1 37.8 38.4 lamellae
PS—PBD—PS-40 53.5 39.5 40.3 PS cylinders
(PS—PBD)c-51 51.7 51.2 29.9 lamellae
PS—PBD—PS-51 51.4 51.4 34.6 0.86 £ 0.02 lamellae
(PS—PBD)c-70 56.9 69.6 32.7 PI cylinders
PS—PBD—PS-70 58.0 70.2 55.2 gyroid

a Size exclusive chromatography in THF at 30 °C. ? Determined from 'H NMR results. ¢ Determined based the primary reflection of
the respective SAXS data. The error for the measurement is 0.3 nm. ¢ Microdomain spacing ratio of that of cyclic to that of its corresponding

triblock copolymer.

mers were synthesized anionically. The cyclization
reaction was achieved by linking the two living chain
ends of the difunctional triblock copolymer precursor
under high dilution conditions with an appropriate
chlorosilane. By this approach, the contour length and
the volume fractions of the cyclic block copolymers
obtained are essentially identical with those of its
corresponding linear triblock copolymers. Therefore, any
morphological difference due to compositional mismatch
between the cyclic and corresponding triblock copoly-
mers is eliminated.

Experimental Section

Synthesis. The synthesis of the cyclic and their correspond-
ing triblock copolymers has been presented in detail else-
where.'? The molecular characteristics are given in Table 1.
The materials are the same as those in ref 12, but a different
nomenclature is used here. The subscript “c” used in this study
refers to cyclic block copolymer. For example, (PS—PBD)c-11
represents the cyclic block copolymer with 0.11 PS volume
fraction, while the PS—PBD—PS-11 refers to its corresponding
linear triblock. As indicated in Table 1, cyclics and their
corresponding triblock copolymers with 0.40, 0.51, and 0.70
PS volume fractions have deuterated PS blocks while the other
materials have protonated PS blocks.

Morphological Characterization. Transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS)
were used to characterize the morphologies of these block
copolymers. Specimens for TEM and SAXS were cast from 5
wt % toluene solutions over a period of 14 days. The dried films
were annealed under vacuum at 120 °C for an additional 7
days to further promote well-ordered structures. Thin sections
40—80 nm for TEM observation were obtained by cryomicro-
toming the annealed bulk films using a Leica EM-FCS
microtome, equipped with a crygenic sample chamber operated
at —120 °C. These sections were collected and stained with
0s0O,4 vapor for 4 h. TEM studies were performed using a JEOL
100 CX transmission electron microscope operated at 100 kV.
SAXS was performed using Ni-filtered Cu Ka radiation (1.54

A wavelength) from a Rigaku rotating anode (operated at 40
kV, 200 mA). The X-ray was collimated by a set of three
pinholes. A CCD detector (Siemens Hi-Star), located at a
camera length of 875.2 mm, was used to record scattering
patterns. The morphological characteristics of these cyclic and
triblock copolymers based on TEM and SAXS are listed in
Table 2.

Results and Discussion

As shown in Table 2, at PS volume fractions of 0.11,
0.24, and 0.51, the cyclics and their triblock copolymer
counterparts form the same morphology. On the other
hand, comparison of the morphologies of the cyclics and
their corresponding triblock copolymers at 0.40 and 0.70
PS volume fractions reveals different microstructures.

PS—PBD—PS-11 and (PS—PBD)c-11 both form the
same morphology. The TEM image of (PS—PBD)c-11 in
Figure 2a shows PS spheres in an osmium-stained PBD
matrix. These microphase-separated PS spheres appear
to lack long-range lattice order. Figure 2b shows the
small-angle X-ray scattering data of PS—PBD—PS-11
and (PS—PBD)c-11. Both profiles exhibit the primary
reflection and one higher-order scattering vector maxi-
mum. The primary scattering peak g* suggests average
correlation lengths of 32.7 nm for (PS—PBD)c-11 and
36.8 nm for PS—PBD—PS-11. The higher q reflections
in both materials are consistent with form factor scat-
tering maxima from the spherical domains.*® For com-
parison, the form factor from spherical domains of the
same PS volume fraction as PS—PBD—PS-11 is plotted
as a solid line in Figure 2Db.

Both PS—PBD—PS-24 and (PS—PBD)c-24 form hex-
agonally packed PS cylinders in a PBD matrix. The
TEM image of cyclic (PS—PBD)c-24 is shown in Figure
3a, where a projection down the axes of the PS cylindri-
cal domains is visible. SAXS data for these two samples
in Figure 3b exhibit two Bragg reflections: a primary
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Figure 2. (a) TEM image for (PS—PBD)c-11 cyclic block

copolymer. (b) Small-angle X-ray scattering data for cyclic

(PS—PBD)c-11 (a), PS—PBD—PS-11 triblock copolymers (®),
and the form factor for spherical domains (—).

peak at g* and a higher order reflection at v7q*. As
also shown in Figure 3b, a cylindrical form factor
minimum at the volume fraction of these samples was
found to attenuate the expected reflections at +/3 and
V4. From this SAXS data, the (100) interplanar spacing
is calculated to be 34.6 nm for (PS—PBD)c-24 and 41.0
nm for PS—PBD—PS-24.

Lamellae are observed in TEM images of
(PS—PBD)c-51 and PS—PBD—PS-51. Figure 4a shows
a TEM image of (PS—PBD)c-51. Small-angle X-ray
scattering data for (PS—PBD)c-51 and PS—PBD—PS-
51 in Figure 4b display the primary reflection g* and
one higher order reflection at 3g*. The absence of the
second-order reflections indicates that the volume frac-
tions of both blocks are nearly identical, which is in good
agreement with the near symmetric volume fractions.
The lamellar long period of (PS—PBD)c-51 and PS—
PBD—PS-51 determined by the scattering primary peak
g* is 38.4 and 40.3 nm, respectively.

At PS volume fractions of 0.40 and 0.70, the cyclics
and their corresponding triblocks were found to form
different morphologies. At 0.40 PS volume fraction, the
cyclic (PS—PBD)c-40 forms lamellae, while the triblock
PS—PBD—PS-40 forms PS cylinders in a PBD matrix.
Figure 5a shows a TEM image of (PS—PBD)c-40, and
Figure 5b shows a TEM image of PS—PBD—PS-40.
Figure 5c shows the SAXS data for the two samples at
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Figure 3. (a) TEM micrograph for (PS—PBD)c-24 cyclic block

copolymer. (b) Small-angle X-ray scattering data for cyclic

(PS—PBD)c-24 (a) and PS—PBD—PS-24 triblock copolymers
(®) and the form factor for cylindrical domains (—).

0.40 PS volume fraction. For (PS—PBD)c-40 the obser-
vation of integrally spaced Bragg reflections at g*, 2g*,
and 3g* is consistent with the lamellar morphology
observed via TEM. For PS—PBD—PS-40 reflections at
g*, v/79*, and 3g* are consistent with the TEM observa-
tion of hexagonally packed cylinders.

A TEM image of (PS—PBD)c-70 in Figure 6a shows a
hexagonally packed PI cylindrical morphology. The
SAXS data for (PS—PBD)c-70, shown in Figure 6c,
display a higher order peak at /7 of the primary
reflection g* consistent with the cylindrical morphology
observed with TEM. Figure 6b shows a TEM image of
PS—PBD—PS-70. The image indicates a gyroid struc-
ture with poor long-range order. Small-angle scattering
data of PS—PBD—PS-70 in Figure 6¢ were only able to
give the primary reflection peak. Although this gyroid
structure is poorly ordered, a number of characteristic
TEM projections were observed. In Figure 6b poorly
ordered versions of the “serpentine” and “wagon wheel”
projections are visible.14

In the three cyclic—triblock material pairs in which
the cyclic and its triblock copolymer form the same
morphology, microdomain periods of cyclic block copoly-
mers were found to be all smaller than those of the
corresponding linear triblock copolymers. This result
was found consistently across the three different mor-
phologies observed: PS spheres, PS cylinders, and
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Figure 4. (a) TEM micrograph for (PS—PBD)c-51 cyclic block
copolymer. (b) Small-angle X-ray scattering profiles for cyclic
(PS—PBD)c-51 (a) and PS—PBD—PS-51 triblock copolymers
(@)

lamellae at PS volume fractions of 0.11, 0.24, and 0.51,
respectively. These findings not only support the previ-
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ous results on lamellar morphologies® but also extend
this phenomenon to the cylindrical and spherical struc-
tures. The domain spacing ratios of cyclic to correspond-
ing triblock copolymer (Dc/Dt) found in this study are
given in Table 2. The ratios observed here, between 0.84
and 0.89, are lower than observed or theoretically
predicted in the previous study of Thomas et al.3 where
all values exceeded 0.90. The error for SAXS determi-
nation of the microdomain spacings is +£0.3 nm, result-
ing in an uncertainty in the Dc/Dr ratios of +0.02. The
discrepancies between the current results and those of
Thomas et al. are beyond the range of this uncertainty.

The series of cyclic and corresponding triblock copoly-
mers used in this study have yN values in the range of
52—81 at room temperature and 40—61 at sample
annealing temperature of 120 °C. Actually, the structure
observed at room temperature probably reflects the
state of the material at the last temperature where
there is considerable sample mobility during cooling
from the annealing temperature, i.e., the T4 of the PS
blocks. However, the yN at the annealing temperature
was reported for the PS—PDMS and PS—P2VP cyclic
and triblock copolymers in ref 3, and thus we use
equivalent conditions for the comparison of our results.
The ratios of Dc/Dt obtained in this study are still lower
than the theoretical prediction.

When different morphologies are formed by the cyclic
and corresponding triblock copolymers, there is a con-
sistent change in the interfacial curvatures with respect
to the PS end blocks. The interface curves away from
the PS end blocks when they become connected to form
a cyclic analogue. In PS—PBD—PS-40, the end blocks
stay on the concave side of the interface in the PS
cylindrical structure, while the interface in the lamellae
of (PS—PBD)c-40 becomes flat. This means that the
tendency of the interface to curve away from the PS side
is increased by linking the two PS end blocks together.
The same effect was also been found in triblock PS—
PBD—PS-70, which forms a gyroid structure with PS
in the matrix, and cyclic (PS—PBD)c-70, which forms
PBD cylinders in a PS matrix. The interfacial curvature
of gyroid is intermediate between those of cylinders and

A (PS-PBD)-40
C q e  PS-PBD-PS-40

A

L2 a

A

A
—_ * “ zq*
2| q )
| AN
.8 L)
et .
g H

"\]'?q*




152 Zhu et al.

¢ &

v
>

AL

1 100 nm

T Bl

Log (intensity)

Macromolecules, Vol. 36, No. 1, 2003

A PS—PBD}L.—?O
q" ® PS-PBD-PS-70

Fy

Y

4
Y

q v 79"
°
[
0.00 O.E]Q 0.;)4 D.E)(a ﬂ.lﬂﬂ ['I.II 1]
q(A"h

Figure 6. TEM images for (PS—PBD)c-70 (a) and PS—PBD—PS-70 (b) and SAXS data for (PS—PBD)c-70 (a) and PS—PBD—

PS-70 (®) (C).

lamellae. Viewed from the PS (convex) side of the
interface, the lower curvature interface of the gyroid in
the triblock copolymer changes into the more curved
cylindrical interface in the cyclic block copolymer. It is
postulated that the same chain trajectory effect that
underlies the decrease in domain spacing when going
from triblock to cyclic morphologies within the same
morphology (PS volume fractions 0.11, 0.24, and 0.51)
is also responsible for the change in interfacial curva-
ture that drives morphology changes in samples with
PS volume fractions of 0.40 and 0.70. The cyclic requires
a PS block chain trajectory component parallel to the
interface. This requires more PS chain volume to be
located closer to the interface and thus results in a
slightly increased tendency for the interface to curve
away from the PS side.

Conclusions

The morphological behavior of a series of cyclic block
copolymers and their corresponding PS—PBD—PS tri-
block copolymers has been investigated. The architec-
tural difference of a cyclic and its corresponding triblock
copolymers leads to differences in domain spacing. The
cyclic morphology always has smaller domain spacing
compared to its corresponding triblock copolymer. When
cyclic and triblock analogues form different morpholo-
gies, it was found that connecting the end blocks of the
triblock to form the cyclic tends to increase the tendency
for the interface to curve away from the connected end
blocks.
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