Polymer Journal, Vol. 38, No. 3, pp. 258-263 (2006)

Preparation and Characterization of Diblock Copolymers
of the AB and CD Types and their Self-Assembled Structure
by Hydrogen Bonding Interaction

Takeshi ASARI, Shigeo MATSUO, Atsushi TAKANO, and Yushu MATSUSHITA"

Department of Applied Chemistry, Graduate School of Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan

(Received September 12, 2005; Accepted October 27, 2005; Published March 15, 2006)

ABSTRACT:

A pair of diblock copolymers, poly(isoprene-block-2-vinylpyridine) (IP) and poly(styrene-block-(4-

tert-butoxystyrene)) (StB) were successfully prepared by controlled anionic polymerizations. StB diblock copolymer
was treated with HCI and hence poly(4-tert-butoxystyrene) can be converted into poly(4-hydroxylstyrene) (H) by an

acid hydrolysis reaction, where conversion yield was 98%, so that poly(styrene-block-4-hydroxystyrene) (SH) was pro-
duced quantitatively. I/P and S/H volume ratios were both designed to be 9/1. From the comparison of IR spectra of
three IP/SH blends with composition ratio of 25/75, 50/50 and 75/25 at the bulk film state, the formation of hydrogen
bonding between a hydroxyl group on H and a nitrogen atom on P was confirmed, whose magnitude reaches to a max-
imum when IP/SH blend ratio is about 50/50 by weight. From morphological observation using transmission electron

microscopy (TEM), macrophase-separated structure was observed for IP/StB = 50/50 blend, while simple lamellar

microphase-separated structure was observed for IP/SH = 50/50 blend due to hydrogen bonding interaction.
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In general, two different polymers are incompatible
in many cases, since polymer blends are energetically
unfavorable to form a simple phase due to a little gain
of entropy of mixing. However some compatible poly-
mer blends, such as polystyrene/poly(vinylmethyleth-
er),! polystyrene/poly(2,6-dimethylphenyleneoxide),’
and poly(4-trimethylsilylstyrene)/polyisoprene® have
been already discovered. In recent years several at-
tempts have been made to design a new category of
polymer blends by introducing various strong chemi-
cal interaction into blends, including ion—ion pair
interaction,*® hydrogen bonding,>® charge transfer
interaction’ etc., where energetic gain from the en-
thalpy of mixing allows the components to form the
mixed state.

In early 1980s, several types of approaches were re-
ported. Eisenberg et al. used the cationic and anionic
groups for miscible polymer pairs,®® and Percec et al.
reported on the miscibility enhancement by the inter-
action between the electron-donor and electron-accep-
tor attached on different polymer chains.” As for the
hydrogen bonding interaction, Pearce and Kwei sys-
tematically studied blends of poly(styrene-co-4-hy-
droxystyrene) with hydroxyl group and a counter
polymer having carbonyl group.'®!" In these studies
miscible blends were formed from some immiscible
polymer pairs by introducing several attractive inter-
actions. Among these interactions, hydrogen bonding
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interaction'”> must be most fascinating, since they
quite efficiently vary the miscibility of polymer pairs
without changing the physical properties of the main
component polymers much.'3

Dai et al. reported on poly(2-vinylpyridine) and
poly(4-hydroxystyrene) blend system as a compatible
polymer blend having hydrogen bonding interaction.'*
It has been clarified that hydrogen bonding between
a nitrogen atom on a pyridine ring and a phenolic
hydroxyl group leads to a miscible blend by IR and
DSC measurements. In their system, strong multiple
hydrogen bondings lead to interpolymer complexa-
tions, therefore, 1:1 interpolymer complex composed
of poly(2-vinylpyridine) and poly(4-hydroxystyrene)
are obtained in the form of coprecipitate from the so-
lution of ethanol, although it is a common good sol-
vent. If a pair of AB and CD copolymers are blended
in a good solvent for four component polymers, where
B and D components are interactive via hydrogen
bonding, a large scale miceller aggregates will be
formed in solution."> Hogen-Esch et al. reported on
such a association-dissociation behavior dynamics of
AB/CD diblock copolymer blends,'® where B and D
components are attractive via hydrogen bonding inter-
action each other, however, the complex structures
were observed merely in the solution state. Further-
more very characteristic microphase-separated struc-
tures were found from the blends of ABC linear tri-
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block and DA diblock copolymers by Abetz et al.,
where C and D are miscible via hydrogen bonding
so that these polymer blends can be mixed into one
phase.!’

Against the background of these experimental facts,
we compare the bulk morphologies of two types of
AB/CD and AB/CD’ diblock copolymer blends, one
is just a simple copolymer blend without particular
interaction between component polymers, while the
other includes two attractive chemical components B
and D’ through hydrogen bonding. Polyisoprene (I)
and polystyrene (S) were chosen as polymer species
A and C in this work. Poly(2-vinylpyridine) (P) and
poly(4-hydroxystyrene) (H) are good candidates for
B and D’ polymer components since I and S are
immiscible with P and H, therefore, these polymers
are used in the present study.

Poly(4-hydroxystyrene) can be easily prepared by
anionic polymerization of 4-fert-butoxystyrene, where
poly(4-tert-butoxystyrene) is regarded as the compo-
nent D, followed by hydrolysis by acid treatment.'8
This procedure is applicable to prepare a block co-
polymer system consisted of poly(4-tert-butoxysty-
rene) (tB) as one component block. Applying this
method, we prepared a pair of diblock copolymers,
i.e., poly(isoprene-block-2-vinylpyridine) (IP) and
poly(styrene-block-4-hydroxystyrene) (SH) having the
compositions, I/P =9/1 and S/H =9/1 to observe
phase structure under the presence of hydrogen bond-
ing interaction between these polymer pairs. If such
copolymer molecules are obtained as designed, 2-
vinylpyridine units and 4-hydroxystyrene units can be
attracted each other by hydrogen bondings stoichio-
metrically as schematically shown in Figure 1, so that
P chains and H chains can be mixed to form one phase
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Figure 1. Schematic representation of forming hydrogen
bonding between pyridine groups and hydroxyl groups for IP/
SH block copolymer blend in bulk.
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through interpolymer association even in bulk. This
associated block copolymer with hydrogen bonding
might produce a new type of block copolymer mol-
phology. The effect of hydrogen bonding on phase
structure may become clear if we compare the results
for IP/SH blend with that of IP/StB blend, which
does not have interacting species. In this paper, prep-
aration and characterization of parent diblock copoly-
mers and phase structures from diblock copolymer
blends are reported.

EXPERIMENTAL SECTION

Preparation of Polymer Samples

Monodisperse block copolymer samples, that is,
poly(isoprene-block-2-vinylpyridine) (IP) and poly-
(styrene-block-4-tert-butoxystyrene) (StB) were sepa-
rately prepared on the basis of two-step living anionic
polymerizations. IP diblock copolymer was synthe-
sized in THF using sec-BuL.i as an initiator at —78 °C,
where the composition, i.e., [/P = 9/1, was designed.
Microstructure of polyisoprene sequences was meas-
ured by '"HNMR. A StB diblock copolymer with
the composition of S/tB = 9/1, was synthesized sim-
ilarly under almost the same experimental conditions.
Hydrolysis of tert-butoxy group was carried out under
acidic condition with HCI. Dried StB was dissolved
into 1,4-dioxane (5wt % solution) and kept at 40°C
under N, successibly conc. HCI was gradually added
under N,. This solution was stirred for 24 h at 40 °C,
followed by pouring into distilled water. Precipitate
was collected by filtration through a glass filter and
rinsed with distilled water until complete neutraliza-
tion was attained with PH at 7. Collected precipitate
was dissolved into 1,4-dioxane, dust was excluded
by filtration, successively polymer was obtained by
freeze-drying from 1,4-dioxane solution. Degree of
hydrolysis for the SH diblock copolymer was deter-
mined by '"H NMR. Thus SH copolymer with de-
signed composition, S/H = 9/1, was also prepared.

Molecular Characterization of Polymers and Prepa-
ration of Blend Films

Molecular weights of polyisoprene and polystyrene
precursors were measured by a multi angle laser light
scattering apparatus of Wyatt Technology in THF at
35°C, model DOWN-EOS. The dn/dc values estimat-
ed are 0.185 for polystyrene and 0.126 for polyiso-
prene in THF at 35 °C by interferometric reflectmeter,
OPTILAB DSP, of Wyatt Technology. Molecular
weight distribution was estimated by gel permeation
chromatography using HLC-8020 of TOSOH Co. with
THF as an eluent at 38°C equipped with three
G4000Hyr columns of TOSOH. About 2 wt % tetra-
methylethylenediamine was added to THF to avoid
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adsorption of poly(2-vinylpyridine) block on polysty-
rene gel. "H NMR analysis was used to determine the
composition of the block copolymers. Solvents used
were CDCIl; for StB and IP, mixed solvent of
CDCl3/(CD3),SO for SH.

For the film preparation, 5wt % THF stock solu-
tions of SH and IP diblock copolymers were separate-
ly prepared. Blend thin films were made by solvent
casting from the mixture of these solutions. Appropri-
ate amounts of these solutions were added to the teflon
petri dishes and evaporated for two days, followed by
drying for another two days in a vacuum oven. Three
different blends were prepared, their IP/SH ratio are
25/75, 50/50, 75/25 by weight. IP/StB blend thin
film with relative ratio of 50/50 was made using sim-
ilar method. Dried sample films were transparent for
IP/SH, slightly turbid for IP/StB, and they were used
for measuring FT/IR spectrum by JASCO, model
FT/IR-620 to observe the hydrogen bonding. The
glass transition temperature (7,) was measured with
differential scanning calorimetry (DSC) using a EX-
STAR6100 DSC of Seiko Instruments Inc. The meas-
urements were performed at a heating rate of 10°C/
min after heating for 1 h and quenching to —50 °C un-
der a nitrogen atmosphere. T, values were estimated
from the midpoint of the heat capacity jump. Obtained
blend sample films were cut into ultrathin sections
with thickness of ca. 50nm by an ultramicrotome,
Ultracut UCT of LEICA. The sections were stained
with OsO4 for 8h and their microphase-separated
structures were observed by a transmission electron
microscope (TEM), H-800, of Hitachi under an accel-
eration voltage of 100kV. In the TEM image, it is
known from our experience for several simple cases
that I, P, H, tB and S show deep, intermediate, light,
more light and very light contrasts, respectively, by
Os0Oy staining.

RESULTS AND DISCUSSION

Figure 2 shows the GPC chromatograms of IP and
StB diblock copolymers, together with those of the
precursors. The difference in peak locations between
block copolymers and the corresponding homopoly-
mers is much smaller for IP-91, reflecting that the
characteristic GPC elution time for component P is
longer than those of the others. It is evident that two
block copolymers possess unimodal and symmetric
peaks showing narrow molecular weight distribution.
The 'H NMR spectra of three diblock copolymers
are compared in Figure 3. The signals around 1.2 ppm
at the middle chart in Figure 3 are attributed to the
tert-butyl groups in poly(4-tert-butoxystyrene) chain,
while the same signal is hardly observed at the bottom
chart for SH. This means almost all of the fert-butoxy
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Figure 2. GPC chromatograms of two parent diblock copoly-
mers and their precursors.

groups in StB-91 have been converted into hydroxyl
groups by the present acid treatment, while a new
broad peak was observed at 8.4ppm at the bottom
chart in Figure 3. This peak comes from hydroxyl
groups in H component. Mole fractions of each block
copolymers were estimated by comparing the integra-
tion of aromatic region (6-9 ppm, without OH) and
alkyl-vinyl region (0.5-6 ppm). From this method, the
yield of hydrolysis reaction was estimated to be 98%,
therefore, we conclude that this hydrolysis reaction
proceed very efficiently. Microstructures of polyiso-
prene block in IP were determined as follows; 42%
1,2, 54% 3, 4 and 4% 1, 4. Table I summarizes the
estimated molecular characteristics of three diblock
copolymers prepared. This table also lists My, values
of the precursors and the block copolymers together
with the molecular weight distribution. The M,,’s
of block copolymers were calculated using measured
M,,’s of precursors and mole fractions of copolymers.

Figure 4 shows the results of the thermal analysis
for the 50/50 blend of IP-91/SH-91 together with
those of two parent diblock copolymers. In the curve
of SH-91 diblock copolymer, T is evident at 104 °C,
which corresponds to the transition for polystyrene
block. T, from poly(4-hydroxystyrene) phase (~180
°C) was not able to be found from this thermogram,
probably because mole fraction of H component is
too small to find heat capacity jump. Similarly, IP-91
diblock copolymer shows only one T, at 4 °C for poly-
isoprene block. IP-91/SH-91 blend shows two differ-
ent T, at 3 and 103 °C, which can be conceived as en-
dotherms for phase-separated I and S phases, though
precise phase structure was not fully clarified from
this experiments.

Figure 5 shows the transmission IR spectra of two
diblock copolymers and their blend films with three
compositions. Poly(4-hydroxystyrene) is known to
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Figure 3.

Table I. Molecular characteristics of IP, StB
and SH diblock copolymers

M, x 107 Mol fraction?
polymers Pr(zculr;or block® M/ d Pp ds s
1P-91 6.9 8.0 1.06 091 0.09 — —
StB-91 7.7 9.0 1.03 — — 086 0.14
SH-91 7.7 8.6 — — — 086 0.14

4Determined by MALLS. bCalculated from M, of precur-
sors and the mole fractions of block copolymers. Estimated
by GPC. Eluents are 2wt % TMEDA/THF for IP, THF for
StB and polystyrene standards. YCalculated from 'H NMR
spectra.
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b5} .
= ¢
5 1P-91
LN L LN LN N N LB BL LN LN BN L NLELEL B LN BB NN R R LR |
0 50 100 150 200
Temp. (°C)

Figure 4. DSC thermogram of a IP-91/SH-91 block copoly-
mer blend with composition of 50/50 by weight, and those of
two parent block copolymers, IP-91 and SH-91.

form self-association structure through hydroxyl
groups in bulk,'!# that is, a shoulder at 3500 cm™!
for the SH diblock copolymer is characteristic to free
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'"H NMR spectra of (a) IP-91, (b) StB-91 and (c) the corresponding acid hydrolyzed SH-91 diblock copolymers.
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Figure 5. FT/IR spectra of the IP-91/SH-91 blends with var-
ious compositions together with those of parent diblock copoly-
mers at bulk film state.

hydroxyl groups, while multiple self-associated struc-
ture between hydroxyl groups is observed at 3315
cm~! at the bottom curve in Figure 5. Upon increas-
ing poly(2-vinylpyridine) content of the blends from
bottom to top, a peak at 3500cm~! disappears and
the one at 3315cm™! shifts to lower wavelength as in-
dicated by arrows in Figure 5. It is known for this sys-
tem, this peak shift to lower wavelength can be attrib-
uted to the presence of strong interaction between a
hydroxyl group and a nitrogen atom on a pyridine
ring.'* This wavelength shift from hydroxyl group
reaches to a maximum at the composition of 50:50,
indicating that P and H block polymers are favorable
to form stoicheometrically self-assembled 1:1 com-
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Figure 6. TEM images for an IP-91/StB-91 = 50/50 diblock copolymer blend film. (a) a typical domain boundary between two micro-
phase-separated phases and (b) a wide-range image. Ultrathin section was stained with OsOj.

[

200 nm

Figure 7. TEM images of IP-91/SH-91 blends. Weight ratios are (a) 25/75, (b) 50/50 and (c) 75/25. Corresponding molecular

arrangements is schematically shown at the bottom of each image.

plex between hydroxyl groups and pyridine groups
over self association of H polymer. From these results,
it has been found that poly(2-vinylpyridine) and poly-
(4-hydroxystyrene) block chains interact each other,

e., these polymers form interpolymer complex via
hydrogen bonding between these complemental chem-
ical species.

A TEM image for the IP/StB blend is shown in
Figure 6a. Macrophase separated structure between
microphase separated IP (left) and StB (right) compo-
nents are clearly shown. Cylindrical domain structure
is recognized for the former, however, it is hard to see
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regular structure for the latter since the contrast
between S and tB is very weak. Enlarged image is
shown in Figure 6b, where macrophase separation is
quite evident.

Figure 7 compares the TEM images of IP/SH
blends with different compositions, i.e., (a) IP-91/
SH-91 = 25/75, (b) 50/50 and (c) 75/25, for OsO4
stained films. In Figures 7a and 7c, basically the same
kind of phase-separated structures are shown, whose
domain sizes are characteristic for microphase separa-
tion, though the periodicity is very low for both. In
Figure 7a small dark domains of IP component co-

Polym. J., Vol. 38, No. 3, 2006
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polymer, which must be partially connected with SH
by hydrogen bondings, are embedded in a matrix of
excess amount of SH component, whereas small white
domains of SH component are embedded in a matrix
of IP as shown in Figure 7c. These assembly manners
resemble those of block copolymer/homopolymer
blends and they are schematically shown at the bottom
of Figures 7a and 7c. These heterogeneous structures
were obviously caused by mismatch in molar amount
between IP and SH diblock copolymers. To the con-
trary highly ordered periodic lamellar structure was
observed for IP/SH = 50/50 diblock copolymer
blend as shown in Figure 7b. This structure looks very
simple alternating lamellar one formed by symmetric
diblock copolymer of the AB type.

These results indicate that hydrogen bonding inter-
action causes the phase transition for IP/SH diblock
copolymer blends and that P/H stoichiometric ratio
is very important to form regular and homogeneous
phase structure. These TEM images are consistent with
the results from IR and DSC measurements. Thus very
short P and H blocks play a key role to form homo-
geneous microphase separated structure if these two
component polymers are mixed stoichiometrically,
while imbalance in the amounts of P and H causes the
less-ordered structure. Here we believe the structure in
Figure 7b is not a simple lamellar structure. Details of
the structure analysis are reported elsewhere.!”

CONCLUSIONS

In summary a pairs of diblock copolymer, poly(iso-
prene-block-2-vinylpyridine) (IP) and poly(styrene-
block-4-tert-butoxystyrene) (StB) were successfully
prepared by controlled anionic polymerization tech-
niques. StB diblock copolymer is quantitatively con-
verted into  poly(styrene-block-4-hydroxystyrene)
(SH) by hydrolysis with HCI. From the IR spectrum
and thermal analysis for IP/SH blends in comparison
with those of parent diblock copolymers in bulk, the
formation of hydrogen bonding was suggested. From
morphological observation for IP/SH and IP/StB
polymer blends using transmission electron micro-
scopy, macrophase-separated structure between micro-
phase separated StB and IP diblock copolymers was
observed for the IP/StB blend, while ordered periodic
and homogeneous lamellar structure was observed
from IP/SH = 50/50 due to hydrogen bonding inter-
action. This fact indicates stoichiometric association
between P and H is favorable in bulk.
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