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ABSTRACT: A series of poly(styrene-b-butadiene-b-4-vinylpyridine) three-block (SBP) polymers of the ABC
type, in which the composition was roughly X:1:1 with X varying from 1 to 8, were prepared. Their morphological
and viscoelastic properties were compared with those of our previous samples having 1:Y:1 composition with
Y varying from 1 to 4. The polymers were cast from CHCl; and from butyraldehyde (BA)/CHCl; (9/1 (v/v))
or tetrahydrofuran/methanol (4/1 or 9/1 (v/v)) mixtures (BA-system solvents). SBP samples having roughly
1:1:1 composition cast from CHCl; exhibited a “ball-in-a-box” structure, in which spherical poly(4-vinylpyridine)
(P4VP) domains enclosed by polybutadiene (PB) shells were embedded in the polystyrene (PS) matrix phase.
The size of the P4VP balls became progressively smaller with decreasing PAVP block length. The same samples
with 1:1:1 composition cast from a BA-system solvent exhibited “three-layer-lamellar” morphology. With
increasing X, the P4VP lamellae changed to cylinders and finally to spheres surrounded by PB shells, and
the PS lamellae to the matrix. The specimens having P4VP spherical domains with PB shells exhibited only
two viscoelastic relaxations corresponding to the glass transitions of the PB and PS phases. However, those
having continuous P4VP (either lamellar or cylindrical) domains showed three transitions corresponding to
the three phases. Probably, in the former, the mechanical excitations were absorbed and dissipated in the
soft PB phase and not transmitted to the hard P4VP phase. However, in the latter, the PAVP phase forming
continuous domains contributed to the mechanical loss.

Introduction

ABC three-block polymers'® and their use as special
function materials' have attracted much attention. Re-
cently, work has been extended to explore three-compo-
nent pentablock polymers of the BABCB type in search
of more sophisticated applications.’’ In our previous
publications,®’ we reported the synthesis, characterization,
and morphological and mechanical properties of poly-

(styrene-b-butadiene-b-4-vinylpyridine) three-block poly-
mers of the ABC type, which were referred to as SBP
polymers. Although the morphology of microphase-sepa-
rated structures in ABC three-block polymers®” is in
general more difficult to control than that in AB diblock
copolymers,!? we succeeded in developing two different
types of unique morphology from an SBP polymer (coded
as SBP-1 having approximately 1:1:1.3 volume composi-
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tion) by choosing suitable casting solvents.5® These SBP-1
specimens with different morphology exhibited different
mechanical properties. We also examined two other SBP
polymers coded as SBP-2 and -3, which had 1:Y:1 com-
position with a PB content Y of about 2 and 4, respec-
tively.®” Since then, we have prepared some more SBP
polymers having X:1:1 composition (with PS content X
varying from 1 to 8) and attempted to elucidate the rela-
tions between the composition and the morphological and
viscoelastic properties of these SBP polymers.® In this
article, we report the results obtained.

Experimental Section

Materials. Synthesis of the Block Polymers. The reagents
used for the synthesis were purified and prepared by the methods
recommended by Fetters!® and by Fujimoto.!* The details are
described in our previous paper.® However, in this study, styrene
(S) was purified by using di-sec-butylmagnesium!® and not by brief
purging with sec-butyllithium as done in the previous study.®

The polymerization of SBP (or SP) block polymers was carried
out by a three-stage (or two-stage) sequential addition of styrene
(S), butadiene (B), and 4-vinylpyridine (4VP) in benzene with
sec-butyllithium as the primary initiator for S. At each stage,
aliquots were taken to recover the PS precursor and SB inter-
mediate to be used for a later characterization study. The po-
lymerization of 4VP with polybutadienyl (or polystyryl) anions
at the final step of the reaction was carried out at about 10 °C
to prevent undesirable side reactions.'® The details are described
also in our previous paper.®

Since P4VP was insoluble in benzene, it was difficult to obtain
block polymers with high P4VP content or long P4VP blocks by
the present method. Hence, a few samples with high P4VP
content were prepared, replacing the polymerization solvent,
benzene, by tetrahydrofuran (THF) just before 4VP was intro-
duced into the mixture at the final step.® The results on these
P4VP-rich samples will be reported elsewhere.

A commercially available SBS sample (Kraton 1101, Shell
Chemical Co.) was used as a reference. This sample had M, =
95.1 X 10% and a PS content of 33% (w/w).

Film Preparation. Adequate casting solvents for SBP
polymers were sought by solubility tests of SBP-1, -2, and -3 and
SBS in a variety of pure solvents.5® Among more than 30 solvents
examined, CHCl;, CH,Cl,, and a few other halogen-containing
hydrocarbons were found to dissolve all the samples fairly well.
From this group, we selected CHCl; as a casting solvent.® n-
Butyraldehyde (BA) was unique in the sense that it dissolved
SBP-1 (having the highest P4VP content among the four samples
tested) better than SBP-3 and SBS. Thus, BA is a better solvent
for P4VP blocks but a poor one for PB blocks.

Only a few pure solvents were found to be adequate for casting
all SBP polymers examined in this study. Thus, we selected a
variety of solvents, some of which were good for SB (S%8) and some
of which were good for only S (S5), B (SB), or P (SF), to make their
binary mixtures and tested the solubility of SBP polymers in the
following combinations of binary solvents: SSB/SF, §5/SP, and
SB / QP 6-8

The casting from a binary solvent required the following
conditions. First of all, the polymer must be soluble in the binary
solvent or should give a transparent solution, at least at the
beginning. Second, the solvent composition should not change
much so that the solution stays transparent during the entire stage
of casting. Otherwise, no films having reproducible microdomain
structure can be obtained.”?

The results of the above test®® showed that the binary mixtures
butyraldehyde (BA)/CHCl; (9/1 (v/v)) and tetrahydrofuran
(THF) /methanol (MeOH) (9/1 or 4/1 (v/v)) met the above
criteria and were adequate for casting the SBP polymers to obtain
films with reproducible morphology. For BA/CHCI; mixtures,
BA is much less volatile than CHCl; (the vapor pressure at 25
°C is 118 mmHg for BA vs. 194.8 mmHg for CHCl;). Therefore,
CHC); was lost in an early stage of casting, and the microdomain
formation proceeded essentially in BA. On the other hand, for
THF/MeOH mixtures, the solvent composition was found to
remain in the 9/1 to 4/1 (v/v) range during the entire stage of
casting.” The details of these tests were described elsewhere.®’
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The reported solubility parameter values'’ [in (cal cm™)'/?]
of the component homopolymers are 8.2 for PB, 9.1 for PS, and
10-12 for P4VP, and those of the solvents are 9.3 for CHClg, 9.5
for BA, 9.9 for THF, and 14.5 for MeOH. Therefore, CHCI; is
good for PS and PB blocks but poor for P4VP blocks. The two
binary mixtures are somewhat better for P4VP blocks but poor
for PB blocks. The former type solvents are called the CHCl,
system and the latter the BA system.®?

In most cases, SBP polymers were cast from 3% (w/v) solutions
on a flat-bottom Teflon cell. The solvent was allowed to evaporate
slowly at room temperature over a period of 7-10 days. Films
were further dried at room temperature under a vacuum of about
1078 torr for 3 more days. The film thickness was 0.2-0.5 mm.

Methods. Molecular Characterization. Number-average
molecular weights M, of the polymer samples were determined
by osmometry in CHCl; at 25 °C with a Wescan recording os-
mometer (Wescan Instruments, Model 231) and membrane filter
RC-52 (Astec Co.) of 10 um pore size. The PS and P4VP content
of each sample was determined by UV absorbance in CHCl,, using
a Jasco automatic recording spectrometer (Nihon Bunko Co.,
Model UNIDEC-54).

The M, and molecular weight distributions of the PS precursors
and SB intermediates were determined by a gel permeation
chromatograph (GPC; Toyo Soda Mfg. Co., Ltd., Model HLC-
801A) equipped with a built-in refractometer, a UV detector (Toyo
Soda, UV-8), and a low-angle laser light scattering photometer
(Toyo Soda, LS-8) connected in series. With CHCl; as the eluent,
the GPC was operated at 40 °C and a flow rate of about 1.0 mL
min!. The polymer concentrations were between 0.03 and 0.06%
(w/v). Commercially available narrow-distribution PS samples
(Pressure Chemical Co. and Toyo Soda) were used for calibration.

None of the block polymers containing P4VP blocks were
analyzable by GPC, because they were adsorbed on the cross-
linked PS gels. Thus, their heterogeneity was examined by ul-
tracentrifugation on CHCl; solutions at 20 °C. A Beckman-Spinco
analytical ultracentrifuge (Model E) equipped with a schlieren
optical system was used. The polymer concentrations were 0.2%
(w/v). The ultracentrifuge was operated usually at a speed be-
tween 40000 and 50 000 rpm.58

Morphological Observation. Electron micrographs were
taken by Mr. Kenji Yoshimura at Toray Research Center. In most
cases, as-cast films were trimmed and exposed to OsO, vapor over
a 1% aqueous solution at room temperature for about 4-7 days.
The stained specimens were microtomed normal to the film
surface to obtain ultrathin sections 40-60 nm thick. A Hitachi
transmission electron microscope (Model HV-10) was used at an
accelerating voltage of 75 kV.

Mechanical and Thermal Properties. Dynamic mechanical
properties were measured by a Rheovibron DDV-IIC (Toyo-
Baldwin Co.) at a frequency of 110 Hz and a heating rate of about
1 K min~!, Thermal properties were measured by a differential
scanning calorimeter (DSC; Rigaku Denki Co., Model 8055) over
a temperature range from 150 to 450 K at a heating rate of 10
K min™. In most cases, samples of 15-30 mg were used.

Results

Molecular Characterization. Table I summarizes the
characteristics of the SBP polymers and SP diblock co-
polymers used in this study. For convenience, three pre-
viously prepared samples® are also listed in this table. The
microstructure of PB sequences was determined by the
infrared spectroscopy proposed by Morero et al.'® A typ-
ical result was 10% 1,2-vinyl, 39% cis-1,4, and 51%
trans-1,4 configurations, which agreed with literature
values for homopolybutadienes prepared by a similar an-
ionic polymerization method.!® The osmometry, UV ab-
sorption measurements, GPC, and ultracentrifugation
velocity experiments all confirmed that these samples have
a well-defined linear ABC architecture and consist of
blocks fairly narrow in molecular weight distribution.®-

The M, values from Table I and the reported bulk
density values of 1.05, 0.89, and 1.114 for PS, PB,” and
P4VP,2 respectively, were used to estimate the volume
fraction of the components in each sample. Figure 1 shows
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Table I
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Characteristics of the Polymer Samples®®
107°M, vol comp
code Mns (Mw/Mn)s Mnn an Mnt b3 ¢B ¢
SBP Three-Block Polymers
SBP-1 20.2 (1.06) 22.0 32.3 74.5 0.26 0.34 0.40
SBP-2 23.3 (1.04) 45.2 22.3 90.8 0.24 0.55 0.22
SBP-3 13.0 (1.06) 76.7 22.8 112.5 0.10 0.72 0.17
SBP-10 30.1 (1.08) 14.3 28.5 729 0.41 0.23 0.36
SBP-11 23.3 (1.08) 14.2 19.7 57.2 0.40 0.29 0.32
SBP-12 13.3 (1.06) 15.6 24.2 53.0 0.24 0.34 0.42
SBP-13 29.9 (1.06) 12.7 9.8 52.4 0.55 0.28 0.17
SBP-14 44.0 (1.05) 49 5.4 54.3 0.80 0.11 0.09
SP Diblock Copolymers
SP-1 54.0 (1.09) 53.7 107.7 0.52 0.48
SP-3 55.3 (1.06) 10.9 66.2 0.84 0.16

(M, /M,)S values for PS precursors; M, is the total number-average molecular weight. °For the weight fractions, xgxgxp =
M, 5:M,P:M,F, while for the volume fractions, ¢g:dp:dp = M,3/ps:M,B/ps:M.F/pp with bulk densities pg = 1.05, pp = 0.89, and pp = 1.114 g

cm™,

St

SP-3  SP-1 SP2 “p

Figure 1. Volume composition diagram for the SBP and SP
polymers used in this study.

the results on a traiangular composition diagram. This
diagram also shows a few other samples not discussed in
this study. The apexes, St, Bd, and 4Vp, correspond to
the homopolymers, PS, PB, and P4VP, respectively, and
the three sides to SB, BP, and SP diblock copolymers. The
numberical data are also listed in Table I.

Morphology Observation. The casting solvents used
may be classified into two categories according to the type
of the microphase-separated structure formed in SBP-1
specimens.®” The SBP-1 sample cast from CHCI, gave a
specimen having gray circular domains surrounded by
black domains and further by a light continuous matrix.
Since 0sO, selectively reacts with PB olefinic bonds and
less strongly with nitrogen atoms in pyridine rings, we
assigned the black regions to PB domains, the gray regions
to P4VP domains, and the light matrix to the PS phase.
Since two ultrathin sections cut perpendicular to each
other and also to the film surface gave essentially identical
micrographs, we concluded® that in the CHCl;-cast SBP-1
specimen, spherical P4VP microdomains were surrounded
by PB segments and sat in a continuous PS matrix (which
looked like stacked boxes). We called this structure
“ball-in-a-box” morphology. Incidentally, the calculated
volume ration of the components in the “ball-in-a-box”
structure (assuming that observed radii of the circles
respresnt those of the spheres in the specimen) was com-
parable with the SBP composition in the polymer.®

On the other hand, an SBP-1 specimen cast from
BA/CHCI; (9/1 (v/v)) and THF /MeOH (4/1 or 9/1 (v/v))
mixtures exhibited what we called a “three-layer-lamellar”
structure, in which light, black, and gray continuous la-
mellae (corresponding to the SBP components, respec-
tively) appeared alternately in the order ..SBP-PBS-
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Figure 2. Electron micrographs of SBP-11, SBP-13, and SBP-14
as-cast specimens from CHCl,.
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Figure 3. Electron micrographs of SP-1 and SP-3 as-cast
specimens from CHCl;.

SBP...5" The thickness of the lamellae was approximately
proportional to the SBP composition. However, a close
examination of the micrographs of specimens cast from
THF /MeOH mixtures showed that the PB phase forms
not perfect lamellae but discontinuous domains.®®

(a) Specimens Cast from CHCl;. We have already
reported® the changes in morphology of SBP-1, -2, and -3
samples having roughly 1:Y:1 composition with an increase
in PB content Y. The increase in Y led to a disorganized
“ball-in-a-box” structure, in which P4VP blocks still
formed spherical domains but PS boxes were disrupted
and became irregularly dispersed in the PB matrix phase.

Figure 2 shows electron micrographs for CHCl;-cast
specimens of SBP-11, -13, and -14, which had nearly the
same molecular weight and X:1:1 composition with PS
content X equal to 1.33 (40% (v/v)), 2 (55% (v/v)), and
8 (80% (v/v)), respectively. In these specimens, the size
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Figure 4. Electron micrographs of SBP-11, SBP-13, and SBP-14
sepcimens cast from a THF /MeOH 4/1 (v/v) mixture.

SBP-1 1/(BA/CHCI )

SBP-10/(BA/CHCl3)

5. Electron micrographs of SBP-10 and SBP-11 specimens
cast from a 9/1 BA/CHC]; mixture.

of P4VP spheres successively decreased with increasing
X or decreasing P4VP block length, M,F.

For comparison, Figure 3 shows micrographs of SP-1 and
-3 specimens cast from CHCl;. Interestingly, the SP-1
sample with 1:1 composition exhibits a morphology con-
sisting of gray P4VP cylinders or spheres embedded in a
light PS matrix. For a 1:1 diblock copolymer, an alter-
nating lamellar structure is known to be a more common
morphology.!!:12

(b) Specimens Cast from BA Systems. The SBP-1
sample cast from a BA/CHC]; mixture showed a regular
“three-layer-lamellar” morphology. The SBP-2 and -3
samples cast from the same mixture exhibited highly ir-
regular structures, in which irregular PS and P4VP do-
mains were intermixed with the PB matrix phase.%’

Figure 4 shows electron micrographs for THF /MeOH
(4/1 (v/v)) cast specimens of the SBP-11, -13, and -14
samples. In these specimens, their morphology changes
from the “three-layer-lamellar” type to that in which PS
blocks form a matrix phase and P4VP blocks form cylin-
drical or spherical domains surrounded by cylindrical or
spherical PB domains. The domain morphology of an
ultrathin section cut perpendicular to these cylinders
looked like a “sunflower”. Figure 5 shows micrographs of
BA/CHCI; (9/1) cast SBP-10 and -11 specimens. They
exhibit a mixture of regular and disorganized “three-lay-
er-lamellar” structures. Figure 6 shows micrographs of
SP-1 and -3 samples cast from BA/CHCl; (9/1) and
THF/MeOH (9/1) mixtures, respectively. In the SP-3
specimen, we observe a structure of P4VP spheres/PS
matrix type, as in the CHCl;-cast SP-3 specimen. How-
ever, in the SP-1 specimen, we observe mixed PS spherical
and cylindrical domains embedded in the P4VP matrix.
A phase inversion occurred in the SP-1 sample with the
change in casting solvents from CHCl; to the BA/CHCl,
mixture.

Dynamic Viscoelastic Properties. Figure 7 shows the
temperature dependence of the tensile storage E’and loss
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P
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SP-1/(BA/CHCI3)

SP-3/(THF/MeOH)

Figure 6. Electron micrographs of SP-1 specimen cast from a
9/1 BA/CHCI; mixture (right) and SP-3 specimen cast from a
9/1 THF /MeOH mixture (left).
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five SBP samples cast from CHCl,.
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E " moduli for CHCl;-cast SBP polymers. For comparison,
our previous data on CHCl,-cast SBP-1, -2, and -3 speci-
mens are included. For all the specimens, we observe only
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two transitions at about 200 and 370 K, which correspond
to the glass transitions of the PB and PS phases, respec-
tively. The values of E’ at room temperature decrease with
increasing PB content Y.

Figure 8 shows plots of E’, E”, and loss tangent § for
SBP-1, -11, and -12 specimens cast from a THF /MeOH
(4/1 (v/v)) mixture. For these specimens, we observe three
transitions at about 200, 370, and 420 K, which correspond
to the glass transitions of the PB, PS, and P4VP phases,
respectively. Figure 9 shows similar plots for SBP-13 and
-14 cast from a THF/MeOH (9/1 (v/v)) mixture. In
contrast to the SBP-1, -11, and -12 specimens exhibiting
three transitions, the SBP-13 specimen shows only two
transitions at about 200 and 360 K, and the SBP-14
specimen at 210 and 345 K, presumably corresponding to
the glass transitions of the PB and PS phases, respectively.
The mechanical loss maximum temperature, T, at the
low temperature is slightly higher, while that at the high
temperature is lower, than those of the corresponding
homopolymers.

Discussion

Composition vs. Domain Shape. For AB-diblock or
other simple block copolymers having well-defined mo-
lecular architecture, first Meier?! and later Helfand et al.?2
developed statistical mechanical theories to find the
equilibrium domain shape and size as a function of the
composition and molecular weight of the block copolymer
and the thermodynamic interaction parameters xsp be-
tween the A and B blocks. The domain morphology of the
two-component systems was modeled by Molau.!

However, in practical cases, many block copolymers do
not always exhibit equilibrium morphology but only have
one of several possible metastable structures.!? Meier?
explained this fact as follows. For example, in a solvent
casting process of an AB diblock copolymer from a dilute
(transparent) solution, an equilibrium domain structure
may be formed when the system reaches a certain critical
concentration ¢, Its morphology depends not only on
block molecular weights and composition but also on the
solvent affinity for the components and the ¢, at which
the domains are formed (and thus on the interaction pa-
rameters x; (i, j = A, B, or the solvent, S) of the systems).
Even when the solvent is further removed from the system,
the domain structure remains in the morphology formed
at ¢, and may not change its shape to another of a lower
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Figure 10. Schematic illustrations of morphological models for
the metastable domain structures of SBP, SB, and SP block
polymers cast from CHCl; (above) and from a BA-type solvent
(below). The models are arranged at the approximate locations
in the composition diagrams.

free energy. Since a domain transformation requires the
transport of chains of one component into and through an
incompatible medium containing the other component,
there is a large kinetic barrier to this transformation. This
barrier should become higher and approach that in the
bulk as the system is more concentrated by solvent evap-
oration. Thus, the initially formed structure hardly
changes its shape during the rest of the casting process,
although some (small) changes in the domain size may take
place by the loss of the solvent.

For ABC three-block polymers, the situation must be
about the same, although their morphology is much more
complicated. On the basis of the results described in this
and previous articles,®® the metastable structures in SBP,
SB, and SP block polymers may be summarized as sche-
matically shown in Figure 10. Here, the morphology
models are classified into two groups according to the type
of casting solvent: one cast from CHCI; and the other cast
from BA-system solvents. In each group, the models are
displayed in a triangular diagram at the positions ap-
proximately corresponding to their composition.

The SBP polymers having X:1:1 composition with high
PS content X cast from either type of solvent exhibited
a fairly regular morphology, as shown in Figure 10. On
the other hand, the SBP polymers having 1:Y:1 compo-
sition with high PB content Y exhibited no definite regular
domain structures.®! However, when they were cast from
CHCl;, PAVP blocks always formed spherical microdo-
mains. The solvent CHCI, is poor for P4VP blocks but
good for both PS and PB blocks. The solubility parameter
difference between PS and PB is about 0.9, while those
between PB or PS and P4VP are 2-4 or 1-3, respectively.
According to Meier,?! the kinetic barrier for the morpho-
logical transitions may be related to the x,p, which is in
turn related to the square of the solubility parameter
difference (and the block molecular weight). This means
that the isolated microdomains involving P4VP blocks are
most unlikely to undergo any transition accompanying the
transport of the P4VP blocks into and through the me-
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dium consisting especially of its poor solvent and PB
and/or PS blocks. Obviously, casting from CHCI, causes
P4VP blocks to coagulate and form spherical microdo-
mains at an early stage. Such spherical P4VP domains
should be fixed in place and remain unchanged throughout
the rest of the casting process.

The BA/CHCl, (9/1) mixture is almost good for any of
the components. However, as CHCI, is lost in an early
stage of casting, the solvent consisting mostly of BA be-
comes poor for PB blocks, moderate for PS, and good for
P4VP. On the other hand, the THF /MeOH (4/1) mixture
is always poor (or bad) for PB blocks, moderate or poor
for PS blocks, but good (or fair) for PAVP blocks, since
the solvent composition remains almost unchanged during
the entire process of casting.” Thus, during the entire stage
of casting from a BA/CHCl; mixture, the solvent is
probably distributed rather favorably to the PAVP phase
but less favorably to the PB phase. Thus, the SBP poly-
mers with nearly 1:1:1 composition ended up with a
“three-layer-lamellar” structure.®” However, when a
THF/MeOH mixture was used as the casting solvent, the
solvent may be more unevenly distributed among the three
components, allowing PB blocks to coagulate first.
Therefore, the PB phase formed dotted-line-like domains
rather than continuous lamellae.

In the SBP polymers with large PB content Y cast from
one of these BA-system solvents, we found that irregular
PS and P4VP domains are intermixed with the PB matrix
phase. The mid-PB blocks of the SBP polymers probably
coagulate in an early stage of casting, entrapping some of
the PS and P4VP blocks and preventing them from
forming regular domains. On the other hand, the SBP
polymers with X:1:1 composition cast from BA-system
solvents formed a fairly regular structure, presumably
because their gross structure may be determined by the
major component PS.

The metastable morphology of SB diblock copolymers
cast from CHCIl; happened to resemble Molau’s models,
as schematically shown on the SB side of the diagram in
Figure 10. Many authors'??? have reported that AB
diblock copolymers such as poly(styrene-b-isoprene) (SI)
and SB diblock copolymers cast from a solvent good for
both components usually exhibit a close-to-equilibrium
morphology. Hence, the present results for CHCl;-cast SB
specimens may be reasonable. We did not examine the
morphology of SB cast from BA-system solvents, because
these solvents are poor for SB, giving only opaque solu-
tions.

For SP-1 diblock copolymer with 1:1 composition, a
phase inversion was induced by the change in casting
solvents. In such a block copolymer, the matrix phase
always consisted of the component to which the casting
solvent was preferentially distributed. This result is
consistent with those reported earlier by Grosius et al.?
for similar SP diblock copolymers.

Block Length vs. Domain Size. According to the
theories developed by Meier?! and Helfand et al.? for AB
diblock copolymers under the narrow-interface approxi-
mation, the identity period D of lamellar structures and
the radii R of cylindrical or spherical microdomains are
proportional to the 2/, power of the number-average mo-
lecular weights, M,,; and M, of the whole block polymer
and the blocks forming the particular domains, respec-
tively. Hashimoto and Kawai?®*?* tested this dependence
for poly(styrene-b-isoprene) (SI) and poly(styrene-b-bu-
tadiene) (SB) diblock copolymers by small-angle X-ray
scattering (SAXS).2%® Later, they?’ extended the test to
poly(styrene-b-(4-vinylbenzyl)dimethylamine-b-isoprene)
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Figure 11. Domain radii R vs. the block molecular weight M,
for 81,2224 8P, and SBP block polymers, all having spherical
microdomains. The solid line represents the theoretical curve
by Helfand?? for SI systems.

three-block (SAI) polymer of the ABC type synthesized
by Fujimoto et al.*

The present SBP specimens cast from different solvents
formed metastable structures, which were reproducible but
obviously far from their equilibrium states. Also no precise
morphology data were obtained, for example, by SAXS.
Nevertheless, it might be worthwhile to compare the do-
main size data for the SBP specimens estimated from the
electron micrographs with those of AB diblock and other
block polymers obtained by SAXS and of the theoretical
predictions?2? for AB diblock copolymer systems.

Data on the domain spacings D vs. the total molecular
weight, M,,, for SBP-1, -10, and -11 samples cast from
BA-type solvents were compared with the SAXS data by
Hashimoto and Kawai on SI diblock copolymers? and on
an SAI three-block polymer.?” All these specimens had
lamellar structures. In spite of the fact that the electron
micrographic data on the SBP polymers were rather crude,
the SBP data were found to agree fairly well with the
theories?»?? and the SAXS data on SI and SAI block
polymers.2427

Figure 11 shows plots of the radii R of the spherical
domains vs. the molecular weight M, of the blocks for
SBP polymers and SP block copolymers and those by
SAXS on SI diblock copolymers.??¢ All these specimens
exhibited sphere/matrix morphology. Hashimoto and
Kawai?** reported that the observed radii R of S domains
in I-rich SI diblock copolymers cast from toluene (a good
solvent for both PS and PI) were systematically smaller
than the theoretical values. They*? explained this dis-
crepancy between their SAXS data and the theoretical
predictions as one of the manifestation of metastable
structures especially of an isolated sphere/matrix type. In
such a specimen, spheres with nonequilibrium sizes are
likely to appear, because the equilibrium domain size may
be attained only by moving, in this case, the PS blocks in
the isolated domains through the PI matrix phase and
overcoming the unfavorable enthalpy of mixing of PS and
PI blocks,?32

On the other hand, for the SBP polymers cast from
CHClI; the domain size of the P4VP globules is 2-3 times
larger than that expected from the block molecular weight
M,;. One possible explanation is that the P4VP globules
entrap some SBP polymers. This is quite likely to occur,
because CHCI; is a poor solvent for PAVP. Another pos-
sibility is that the P4VP blocks take on an extended
conformation in the globules. Only a 20-40% increase in
the end-to-end distance of the P4VP blocks could explain
the discrepancy in question. At present, however, we find
no reasonable explanation on why such an chain extension
should occur in the spherical microdomains of P4VP
blocks, except that the interaction parameter x g between
P4VP and other blocks is fairly large.

Loss Maximum Temperature vs. Domain Mor-
phology. The SBP polymers exhibit different viscoelastic
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Figure 12, Log (block molecular weight M) vs. the loss maximum temperature T, and 7‘"{ for PB blocks (left), PS blocks (center),

and P4VP blocks (right) in SBP and SBS block polymers cast

properties,®® corresponding to their unique morphology
arising from the difference in casting solvents. Those cast
from CHCI; show only two (viscoelastic) relaxations cor-
responding to the glass transitions of the PB and PS
phases. On the other hand, those cast from a BA-system
solvent, except SBP-13 and -14 samples, exhibit three
relaxations at about the T, of the PB, PS, and P4VP
phases.

This difference in the viscoelastic properties of CHCl;-
and BA-cast specimens of a given SBP sample was suc-
cessfully explained by applying a finite element method
to SBP-1 specimens modeled by a “ball-in-a-box” and a
“three-layer-lamellar” structure.?® The difference is ob-
viously related to the “continuity” of the hard P4VP phase
in the specimen. In the former, the P4VP phase forms
dispersed spherical domains surrounded by soft PB blocks
which connect the P4VP blocks to the PS matrix. On the
other hand, in the latter, all three blocks form continuous
domains. Therefore, in the specimen having a “ball-in-a-
box” structure, the mechanical excitation to the matrix
phase may not be transmitted to the P4VP domains but
may be absorbed and dissipated in the PB phase. This
is also probably the case for BA-cast SBP-13 and -14
samples, which have low P4VP content, and hence, the
P4VP domains are not continuous but dispersed even in
their BA-cast specimens.

If this interpretation is true, the T, of the P4VP phase
could be determined by a calorimetric method such as DSC
or by dielectric spectroscopy, because in these experiments
the excitation should be transmitted to the P4VP phase
no matter how the PB phase is intervening. Figure 12
summarizes the T, and DSC T, data for PB, PS, and
P4VP blocks as functions of their block molecular weights
M,,. As anticipated, the T, of the P4VP phase could be
determined by DSC for all tfle specimens regardless of the
casting solvent used.

Another interesting observation concerning the T\, and
T, data is that BA-cast specimens of SBP-2 and -3 with
high PB content showed very low T, for the PS and
P4VP phases, while that for the PB phase remained almost
unchanged. The same BA-cast specimens also showed a
similar large decrease in T (see Figure 12). However, the
decrease in E’ at the T\, of the PB phase was very small
for the BA-cast specimens, as compared to that for the
CHCl;-cast specimens.®” These results are obviously as-
sociated with a large-scale mixing of the component blocks,

icated.

because BA (or THF /MeOH) is a rather poor solvent for
PB blocks and thus promotes coagulation of PB blocks and
entrapment of PS and P4VP blocks, as discussed before.

It should also be noted that the SBP-13 and -14 samples
having high PS content cast from a THF/MeOH (9/1
(v/v)) mixture, one of the BA-system solvents, exhibit
rather broad transitions at about 210 K and in the region
from 350 to 360 K. The former is somewhat higher than
that of PB homopolymer, while the latter is lower than that
of PS homopolymer. This small shift in T, and also the
broadening of the loss peak is probably due to small-scale
mixing of the components in the interfacial region, again
for the reasons mentioned above. This kind of small shift
in Ty, or T could also happen simply by casting the block
polymer from its common solvent, because the segregation
power between the component blocks is usually less in a
common solvent than in a preferential solvent.

The similar large decrease and small shift in T, or T,
found in SI diblock copolymers cast from various solvents
were examined by Hashimoto et al.?® using SAXS and the
mechanical-model analysis proposed by Kraus.?® They
concluded that the mixing of the two components at the
interfacial region leads to the slight shift in the T,, and
the broadening of the loss peaks, whereas the large-scale
mixing of the components in the domains results in a large
decrease in the T, of the hard-segment phase. They
called these two phenomena the “domain-boundary
mixing” and the “mixing-in-domain” effects, respectively.
Obviously, the same interpretation may be made for the
present SBP polymers with unequal compositions cast
from one of the BA-system solvents.
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ABSTRACT: Flow processes in glassy polymers under stress are identified with the orientation of chain segments
which are large relative to a bond length but small relative to the chain length. A phenomenological expression
is presented for the stress in terms of the strain and an order parameter characterizing the degree of segmental
orientation. With this model, physical arguments are presented to describe qualitatively features of a stress—strain
experiment including (1) the temperature dependence, (2) the initial time lag, (3) the effects of sudden changes
in strain rate, and (4) the relationship between tension and compression.

1. Introduction

The response of a glassy polymer to an imposed stress
is an important physical property of the plastic.. Of
particular importance for the understanding of this be-
havior is the identification of the molecular processes ac-
companying the transition from the low-strain, elastic
deformation regime to the high-strain, plastic-flow regime
of a glassy polymer. To help in this task we present in this
paper a phenomenological model of the behavior of a glassy
polymer under stress. The model described below is still
a long way from a proper theory of stress—strain behavior,
primarily because we do not have an adequate mathe-
matical realization of the physical ideas. However, even
without the mathematics, we can show that the physical
picture emerging from the model rationalizes a variety of
experimental results. It is precisely this broad degree of
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qualitative agreement that convinces us that the physical
picture we are presenting is reasonable. It is our hope that
by presenting this qualitative picture we will stimulate the
work that still needs to be done to obtain an adequate
theoretical understanding of the stress—strain behavior of
glassy polymers.

The next section presents the model we are proposing
along with some discussion of the experimental results that
support various aspects of the model. This will be followed
in section III by a brief discussion of some of the existing
theoretical models of stress—strain behavior. The object
of this discussion is to point out why a new approach is
necessary to explain the experimental results. We will then
show that our model can explain qualitatively a wide va-
riety of additional experimental results.

I1I. Basic Physical Model

A. Orientation of Chain Segments. The starting
point for our model of the stress—strain behavior of glassy
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