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ABSTRACT:

Preparation of di- and triblock copolymers of styrene-hg, styrene-dg, and 2-

vinylpyridine by anionic polymerization was carried out for the purpose of obtaining block
copolymer samples containing a poly(styrene-dg) part and having well defined molecular character-
istics. The block copolymerization proceeded successfully when the polymerization was carried out
in the order of styrene-hg, styrene-dg, and 2-vinylpyridine or of styrene-dg, styrene-kg, and 2-
vinylpyridine, whereas it was not successful when the polymerization was started from 2-
vinylpyridine. All block copolymer samples polymerized in the order of styrene and 2-vinylpyridine
were found to have narrow molecular weight distributions with respect to each component.
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Triblock copolymers containing a deuterat-
ed polystyrene part as a component may be
highly useful since the small angle neutron
scattering from the deuterated part can give
unique information concerning conformation
of polymer chains. Because of difficulties in
preparation, however, works with such tri-
block copolymers are scarce. Matsushita et al.!
reported the preparation of triblock copoly-
mers of hg—dg—hg polystyrene, which were used
to study the radius of gyration of a part of a
homopolymer chain in dilute solution.? In this
paper, we report the preparation and charac-
terization of di- and triblock copolymers of
styrene-hg, styrene-dg, and 2-vinylpyridine for
studying the conformation of a part of a chain
locating at an interface between two different
polymer domains in bulk. We chose 2-vinyl-
pyridine as a component since the coherent
scattering amplitude per unit volume of 2-
vinylpyridine lies between those of styrene-/g
and styrene-dj.

Block copolymers of styrene and 2-vinyl-
pyridine may have additional interest from the
fact that one component is a highly polar
monomer. Although quite a few studies of
block copolymers have been published, studies
on block copolymers consisting of nonpolar
and polar monomers are not so many> > and
their properties have not yet been fully clari-
fied, because of difficulties in preparing the
samples having well defined structures. Un-
desirable side reactions often occur in the
anionic polymerization of polar monomers,
such as methyl methacrylate® and 4-vinylpyri-
dine.”® On the other hand, it was previously
confirmed that the anionic polymerization of
2-vinylpyridine proceeds in a living manner
and can give samples with narrow molecular
weight distributions over a wide range of
molecular weight.®
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EXPERIMENTAL

Polymerization

The block copolymer samples were prepared
in vacuo at —78°C by a sequential monomer
addition technique in anionic polymerization.
Styrene and 2-vinylpyridine were purified
using triphenylmethyllithium and the dipo-
tassium salt of a-methylstyrene tetramer, re-
spectively, by the same methods as reported
in previous papers.*® Deuterated styrene of
Aldrich Chemical Co. was also purified by the
same method as styrene-/g. It was pointed out
in a previous paper' that commercial styrene-
dy may contain impurities different from those
in commercial styrene-hg and removal of the
undesired impurities from styrene-dg is most
important for carrying out its anionic living
polymerization successfully. The use of tri-
phenylmethyllithium for purification of sty-
rene-dy was found to be effective,'® though a
fairly large amount of the monomer is wasted.

The initiators used were cumylpotassium,
cumylcesium and r-butyllithium, which were
prepared by the same methods as previously.’
The solvent, THF, was also purified as report-
ed previously.!! The block copolymerization
was carried out in the order of styrene and 2-
vinylpyridine in most cases, but a copolymeri-
zation was carried out in the order of 2-
vinylpyridine and styrene for comparison. Be-
fore adding the second or third monomer, a
portion of the polymerization mixture was
sealed off to determine the molecular weights
and molecular weight distributions of precur-
sors. The active chain ends were terminated
with methanol. The block copolymers thus
prepared were precipitated from THF solu-
tions with n-hexane. No further purification
was given to the samples.

Characterization

The number-averaged molecular weights of
block copolymers prepared and their precur-
sors were determined in THF and toluene,
respectively, at 25°C, using a Hewlett Packard
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Type 502 High Speed Membrane Osmometer.
The apparent weight-averaged molecular
weights of the samples with high molecular
weights were estimated by light scattering in a
single solvent (benzene) using a Fica-50 Auto-
matic Light Scattering Photometer. A uniform
refractive index increment value for polysty-
rene (9,/0,=0.111)"? was assumed for all block
copolymers. Since the difference between 0,/0,
of polystyrene and that of poly(2-vinylpyri-
dine) in benzene is small'?>'* and also the
molecular weight distributions of each com-
ponent in the block copolymers are narrow,
the apparent weight-averaged molecular
weight determined in benzene alone may be
close to the true weight-averaged molecular
weight.

GPC chromatograms of samples were de-
termined in THF using a Toyo-Soda HLC-
802A with high resolution columns (GMHXL
x 2). The exclusion limit of the columns is
sufficiently high (4 x 10® according to the man-
ufacturer). N,N,N’,N’-Tetramethylethylenedi-
amine (TMEDA) was added to the eluent,
giving a 5% solution, to prevent adsorption of
poly(2-vinylpyridine) on polystyrene gels.” The
GPC apparatus was calibrated with a series of
Pressure Chemical Standard Polystyrenes in
the same solvent. The polydispersity index
M, /M, was calculated from GPC chromato-
grams assuming that the calibration curve is
applicable to the present block copolymers.
M /M, thus determined are believed to be
close to true ones since THF is a common
good solvent for both polystyrene and poly (2-
vinylpyridine). Chemical compositions of the
block copolymers were determined by elemen-
tal analysis, and deuterated polystyrene con-
tent of the triblock copolymers was determin-
ed from pyrolysis-gas chromatograms of poly-
styrene precursors.'*

Morphology

The morphologies of the sample films were
examined by a conventional method using a
Hitachi type HU-12 transmission electron mi-

Polymer J., Vol. 18, No. 6, 1986



Styrene and 2-Vinylpyridine Block Copolymers

croscope. That is, the samples were cast from perature for 4 days and were stained with
4—8wt9, THF (a common good solvent) so- osmium tetroxide. The stained films were em-
lutions into thin films of about 0.15mm thick- bedded in an epoxy resin, cut into ultra thin
ness on mercury at room temperature. The sections by an ultramicrotome and examined
films obtained were completely dried under a by the electron microscope.

reduced pressure of 107> mmHg at room tem-

Table I. Polymerization conditions

Polym.® Monomer® Initiator®
Sample Initiator time concn concn (x 10%) Conversion Mca,j
code? (x1079)
h mol 171 mol 171 %
A DP-33 Cumyl-K 5 0.12 45 0.30
4 0.11 3.6 92 0.62
SP-33 Cumyl-K 5 0.17 6.1 0.29
4.5 0.13 48 92 0.57
B SDP-4 Cumyl-K S 0.20 1.6 1.3
3.5 0.039 1.3 97 1.6
8.5 0.16 1.1 3.1
SP-12 Cumyl-K 6 0.18 1.2 1.6
10 0.14 1.0 100 3.1
C SDP-1 n-BuLi 4 0.25 1.6 1.6
2 0.038 1.3 70 1.9
3 0.15 0.9 3.7
SP-16 Cumyl-K 5.5 0.28 1.3 22
12 0.10 1.1 100 32
D DSP-1 Cumyl-K 4.5 0.064 2.0 0.33
7.8 0.12 1.2 96 1.4
10.3 0.14 0.9 3.0
SP-15 Cumyl-K 4 0.19 1.3 1.5
6 0.17 1.1 99 3.1
SP-4 n-BuLi 5 0.18 1.8 1.0
3 0.13 1.3 86 2.1
SP-18 Cumyl-K 6 0.14 0.22 6.6
9.3 0.12 0.17 95 14.0
PS-1 Cumyl-Cs 6 034 1.3 2.7
4 0.23 0.8 98 5.7

2§, D and P denote styrene-hg, styrene-dg, and 2-vinylpyridine, respectively. The copolymerizations were carried
out in the order of sample codes.

 The values in each section show the data for the precursor and final sample or for the 1st, 2nd precursors, and final
sample consecutively.

¢ M., are the molecular weights calculated from the amounts of monomers and initiator assuming 1009, conversion.
The initiator concentrations in the second and third copolymerizations were calculated by taking into account the
amount of polymerization mixture sealed off in addition to the amount of monomer solution added.
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RESULTS AND DISCUSSION

Polymerization conditions and molecular
characteristics of the block copolymers ob-
tained are shown in Tables I and I1. Each set in
sections A—D gives the data of a block co-
polymer labelled by styrene-dg and its refer-
ence block copolymer having approximately
equal molecular weight and polystyrene con-
tent. The sample code SDP means that the co-
polymerization was carried out in the order of
styrene-#g (S), styrene-dg (D), and 2-vinylpyri-
dine (P). All other sample codes have similar
meanings. The two or three numbers in each
experiment show the data for the precursor
and final sample or for the 1st, 2nd precursors
and final sample, consecutively from top to
bottom. The experiments SP-4, SP-18, and PS-
1 were carried out to study the copolymeriza-
tion mechanisms.

The initiator concentrations in Table I are
the values in the polymerization mixtures,
which were calculated from the concentration
of the initiator determined by titration and the
volume of the polymerization mixture. The
values decrease with addition of the second
or third monomer solution. The conversions
were approximately estimated from the total
amount of monomers used and the dry weight
of the final sample. Table I shows that the con-
versions are close to 1009 in all cases except
SDP-1. The conversion of SDP-1 was low
simply because the polymerization of 2-vinyl-
pyridine was terminated before completion.
M_,, are the molecular weights of samples cal-
culated from the amounts of monomers and
initiator used, assuming 1009, conversion in
all cases. These values of M, are found to
agree with the observed molecular weights (M,
and M,) in Table 1.

Examples of GPC chromatograms of the
block copolymers obtained and their precur-
sors are shown in Figure 1. From these curves,
it is clear that the molecular weight distribu-
tions of the samples as well as of their precur-
sors show a single and narrow peak if they are
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Table II. Molecular characteristics
of block copolymers

Cywt%® Cb

Sample M? M, /M,
-5 -
code (x107%) (GPC) M E o
DP-33 0.34 1.07
A 0.66 1.04 52 — 100
SP-33 0.37 1.10
0.63 1.13 59 — 0
SDP-4 1.52 1.03
1.97 1.06 49 50 19.1
B 4.01* 1.08
SP-12 2.11 1.04
3.88 1.03 55 50 0
SDP-1 2.29 1.04
2.78 1.05 74 71 19.4
C 3.74 1.05
SP-16 3.75 1.06
5.23* 1.04 72 71 0
DSP-1 0.31 1.01
1.37 1.05 58 48 22.7
D 2.34 1.04
SP-15 1.19 1.01
2.43 1.06 49 48 0
SP-4 1.24 1.14
245 1.11 51 50 0
SP-18 6.92* 1.07
16.3* 1.17 43 48 0

? The values without an asterisk are number-averaged
molecular weights, while those with an asterisk are
apparent weight-averaged molecular weights.

® Csand Cd are the total polystyrene (hg and dg) content
in the sample and the styrene-d; content in the total
polystyrene part, respectively. M and E show the total
polystyrene content determined by molecular weight
determination and elemental analysis, respectively.

polymerized in the order of styrene and 2-
vinylpyridine. The GPC chromatograms of the
other samples polymerized in the order of
styrene and 2-vinylpyridine also suggest nar-
row molecular weight distributions compara-
ble to those in Figure 1, though they are not
shown here. The values of M /M, in Table II
were calculated from GPC chromatograms.
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Figure 1.
lines). a) DP-33; b) SP-33; c¢) SDP-4; d) SP-12.

They are close to unity. Since both molecular
weight distributions of the final samples and
their precursors are narrow, the chemical com-
position distributions of the block copolymers
must also be narrow.

The styrene content of the block copolymers
determined by molecular weight measurement
(M) and also by elemental analysis (E) is
shown in the fourth column of Table II. The
agreement of both values is very good in most
cases. The values of Cd show the styrene-dg
content in the total styrene block.

From the data in Tables I and 11 and also in
Figure 1, we may conclude that the block
copolymerization of styrene-hg and -dg with 2-
vinylpyridine by the anionic polymerization
method proceeds in a living manner. By com-
paring the data of the labelled samples with
those of the reference samples in groups A—
D, moreover, we may conclude that the pre-
paration of block copolymers containing a
poly(styrene-dg) block can be carried out as
satisfactorily as the block copolymerization

Polymer J., Vol. 18, No. 6, 1986

GPC chromatograms of di- and triblock copolymers (solid lines) and their precursors (dotted

Figure 2. GPC chromatograms of PS-1 and its pre-
cursor (dotted line). Columns used are GMH6 x 2.

between styrene-hg and 2-vinylpyridine in this
range of molecular weight.

On the other hand, we can see in Figure 2
that the copolymerization in the order of 2-
vinylpyridine and styrene (PS-1) did not pro-
ceed satisfactorily. The GPC chromatogram of
the precursor is a single and narrow peak but
that of the block copolymer shows double
peaks. Szwarc et al. pointed out that the rate of
cross initiation of styrene monomer from poly-
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Figure 3. Electron micrographs of block copolymers. a) DP-33; b) SP-4; ¢) SDP-4; d) SDP-1.

(2-vinylpyridyl) anion is very slow compared ity that the living end of poly(2-vinylpyridyl)
with that of 2-vinylpyridine from polystyryl anion is not unique.

anion.!*> From the present experimental re- Figure 3 shows electron micrographs of
sults, moreover, we can point out the possibil- films of some samples cast from THF solu-
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tions. Their microphase separation structures
are all lamellar except SDP-1. The lamellar
structure is especially useful when we study the
conformation of chains locating at interface by
the small angle neutron scattering method.
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