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Poly(vinyl alcohol-g-styrene) graft copolymers with various polystyrene contents (from 9 to 51 mol%) were
synthesized. These graft copolymers formed poly(vinyl alcohol) (PVA) core—polystyrene (PS) corona
micelles in tetrahydrofuran (THF)—dimethylsulfoxide mixtures when the THF content was from 66 to 69
vol%. The PVA cores of these micelles were crosslinked with terephthal aldehyde (TPA) in solution. When
the TPA concentration in relation to vinyl alcohol groups was below 10 mol%, it was possible to hinder
intermicelie crosslinking and PVA core—PS shell type microspheres were obtained. The minimum PS shell
content of microspheres obtained in this work was 9 mol%.
(Keywords: core—shell morphology; microspheres; poly(vinyl alcohol-g-styrene))

INTRODUCTION

It is possible to synthesize monodisperse core-shell type
microspheres by crosslinking the spherical microdo-
mains of microphase-separated AB block copolymer
films with sphere—matrix morphology' ™. In previous
work, we reported that monodisperse poly(2-vinylpyr-
idine) (P2VP) core—polystyrene (PS) shell type micro-
spheres and monodisperse poly(4-vinylpyridine} (P4VP)
core—polystyrene (PS) shell type microspheres could
form well arranged two-dimensional and three-dimen-
sional superstructures4_6. By adding poly(styrene-b-
isoprene) diblock copolymers with a lamellar or poly-
isoprene spherical microdomain structure to these P4VP
core—PS shell type microspheres, it was possible to lay
out well ordered novel structures’*.

The microphase-separated morphologies of block or
graft copolymers can be used as templates for the
introduction of noble-metal nanoclusters. Control of the
introduction of colloidal silver into the microphase of the
polymer film is strongly desired from the viewpoint of the
design of new materials such as semiconductors, non-
linear optical materials and carriers for catalysts.
Cohen et al.”™'? succeeded in controlling the introduc-
tion of colloidal metals into microphase-separated films
by using poly[rac{diphenyiphosphino)bicycloj2.2.1}-
heptene-b-methyltetracyclododecene] as a template.

We also found that colloidal silver could be introduced
into the crosslinked P2VP microdomains of poly(styr-
ene-b-2-vinylpyridine) (P(S-6-2VP) block copolymers
by an ion-exchange method'*™'>. Especially, it was
possible to synthesize P2VP core—PS shell type micro-
spheres having colloidal silver in their P2VP cores.
Microspheres containing colloidal silver in the core parts

*To whom correspondence should be addressed

could be easily dispersed into solvents that were good for
polystyrene. For the introduction of colloidal silver,
there was an optimal swelling state of the P2VP core,
which was governed by the crosslink density of the core.
In contrast with the works of Cohen et al., the
poly(styrene-b-2-vinylpyridine) ~ diblock copolymers,
used as a template polymer in our work, were easy to
synthesize. However, it is well known that colloidal silver
forms a complex with the pyridine groups in
poly(vinylpyridine)16’17.

By changing the core from P2VP to poly(vinyl alcohol)
(PVA), it will be possible to avoid complex formation
between the colloidal silver and the functional groups in
the core. The purpose of this paper is to synthesize PVA
core—PS shell type microspheres with a thin polystyrene
shell. The reason why a thinner shell is required for
introducing colloidal silver is that a thinner shell makes it
easy to swell with the silver solution deep into the
crosslinked film.

To use core—shell type microspheres as the template
for the introduction of colloidal silver, the interface
between core and shell should be narrow and clear. The
PVA core—PS shell type microspheres are synthesized by
crosslinking the PVA core part of the spherical micro-
structure of poly(vinyl alcohol-g-styrene} (P(VA-g-S)) .
For the synthesis of core—-shell type microspheres with
thinner PS shell, a P(VA-g-S) graft copolymer with lower
content of PS is required. In the solid state, however,
according to Molau’s law'®, it is impossible to obtain a
PVA sphere—PS matrix type microseparated structure
with graft copolymer whose PS content is less than 65
vol%. In a solvent that is good for P§, P(VA-g-S) graft
copolymers with various PS contents can form PVA
core—-PS corona type spherical polymer micelles. Thus,
the crosslinking of PVA core sequences was carried out
in a solvent in which P(VA-g-S) graft copolymers formed
spherical P(VA) core—PS corona micelles. As described
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above, the swelling state of the core is an important
factor for the introduction of colloidal silver. Thus, the
effects of the polystyrene content in the graft copolymers
and the crosslinking reagent concentration on the
swelling behaviour of the PVA core are also examined
in this paper.

EXPERIMENTAL
Synthesis of poly(vinyl alcohol-g-styrene

Synthesis of carboxyl-ended polystyrene ( PS macromo-
nomer ). First, 50 g of distilled styrene is polymerized with
1 g of 4,4'-azobis(4-cyanopentanoic acid) (V-501, Wako
Pure Chemical Industries Ltd) for 96h at 70°C under
vacuum. The solvent was 200 ml of benzene/ethanol mix-
ture (benzene, 66 vol%). Also, 4.3 g of allylmaloic acid
diethyl ester was added as a degradative chain-transfer
agent (telogen). After polymerization, the mixture was
poured into methanol. Precipitated PS was collected by
filtration and dried under vacuum. The PS was purified
by reprecipitation with benzene and methanol three
times. Then, the PS was fractionated from the benzene
and methanol mixture. Molecular-weight distribution
was limited to below 1.5.

Number-average molecular weight (M) and molecu-
lar-weight distribution (M, /M,) of the PS were
determined with a Tosoh HLC-8020 g.p.c. with tetra-
hydrofuran (THF) as eluent at 38°C. A TSK-gel
GMHXL column was used and the flow rate was
1.0mlmin~'. End functionality of the carboxyl group
in the PS was estimated by neutralization titration with
caesium hydroxide in water—THF mixture (water 9
vol%) with thymol blue as indicator.

PVA trunk polymer. Commercial PVA (poly(vinyl
alcohol) No. 500, Kanto Chem) was used without any
purification. Degree of polymerization (DP) and degree
of saponification were 500 and 86.5—-89.0%, respectively.

Synthesis of poly(vinyl alcohol-g-styrene). The PS
macromonomer was grafted onto the PVA by esterifica-
tion between the carboxyl groups in the PS macromono-
mer and the hydroxyl groups in the PVA. The PVA and
the PS macromonomer were dissolved in a dimethyl sulf-
oxide (DMSO)—chloroform mixture (chloroform 40
vol%). N,N-Dicyclohexylcarbodiimide (DCC), a cata-
lyst, was added to the solution ([DCCJ/[-COOH]=3
(mol/mol)). The solution was stirred for 2 days at
40°C, and then the mixture was poured into ethanol. Pre-
cipitated gross polymer was collected by filtration and
dried. Homopolymers of PS and PVA were extracted
with benzene and water—methanol mixture (water 38
vol%), respectively. The insoluble polymer for both sol-
vents was collected as P(VA-g-S). Styrene contents in the
grafted copolymers were decided from u.v. absorption of
phenyl groups in the polymer with a u.v. spectrophoto-
meter (U-Best 35, JEOL) in DMSO-THF mixture
(THF 50 vol%) at 269 nm. The conditions and the results
of synthesis of graft copolymers are listed later in Table 2.

Morphological observation

The P(VA-g-S) graft copolymer or the crosslinked
P(VA-g-S) was dissolved in DMSO-THF mixture (THF
50 vol%, polymer concentration 0.1 wt%). A drop of the
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sample was cast on a copper micro-grid coated with
carbon. The polymer solution was dried gradually at
room temperature. A specimen was annealed for 8h at
110°C. The morphology of the microphase separation
was observed with a transmission electron microscope
(H-500, Hitachi) at 75kV.

Turbidimetric titration

Micelle formation of the P(VA-g-S) graft copolyiers
in the solvent was estimated by turbidity titration. First,
0.5 g of the polymer was dissolved in 20 ml of DMSO.
THF was then gradually added under vigorous stirring in
a cylindrical pyrex cell at 25°C. At each step, the
turbidity of the solution was measured with a single-
beam u.v.-vis. spectrophotometer (Perkin—Elmer 139,
Hitachi) at 600 nm.

Determination of the critical micelle concentration of
poly(vinyl alcohol-g-styrene)

The P(VA-g-S) graft copolymers were dissolved in
DMSO-THF mixture. The polymer concentration was
set at 1.5 wt%. These solutions were gradually diluted
with the solvent till the polymer concentration of the
solution became 0.2 wt%. The viscosity of the solution
was measured at each step with an Ubbelohde visco-
meter at 35°C.

Synthesis of poly(vinyl alcohol) core—polystyrene shell
microspheres

The P(VA-g-S) graft copolymer was dissolved in
DMSO-THF mixture. Polymer concentration was 1.0
wt%. Terephthal aldehyde (TPA) and dilute HCI, as the
crosslink reagent and catalyst, respectively, were added
to the solution. The molar ratio of HCl to hydroxyl
group in PVA ([HCI}/[-OH]) was 0.24. The reaction was
carried out for 2 days at 35°C. The THF contents in the
solvents and the molar ratio of the crosslinking reagent
to the hydroxyl groups ([TPAY/[-OH]) are listed later in
Table 3. After crosslinking, the solutions were neutra-
lized with aqueous ammonia, and then poured into
ethanol. The precipitate, crosslinked P(VA-g-5), was
dried under vacuum.

Characteristics of microspheres

A drop of benzene solution of crosslinked P(VA-g-3)
with 0.1 wt% of polymer concentration was cast on
carbon-coated glass and dried at room temperature. The
sample was sputtered with gold and observed with a
scanning electron microscope (JSM-T200, JEOL).

RESULTS AND DISCUSSION

There are several methods to synthesize the P(VA-g-5)
graft copolymer, such as graft polymerization of styrene
monomer onto a PVA trunk, grafting of PS onto PVA,
etc. In order to obtain PVA core-PS shell type micro-
spheres with homogeneous structure, homogeneous
P(VA-g-S) graft copolymers are required. However, it
is difficult to synthesize monodisperse graft polymer by
the graft copolymerization of styrene onto a PVA trunk.
Thus, carboxyl-terminated PS macromonomer was
synthesized and it was grafted onto PVA by esterification
between the carboxyl group on one end of PS and the
hydroxyl group in PVA.
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Synthesis of polystyrene macromonomer

The carboxyl-ended PS (PS macromonomer) can be
synthesized by the following methods: (a) by initiation
with radical initiator containing carboxyl groups of the
radical polymerization of styrene; (b) by termination
with radical transfer reagents containing carboxyl
groups of the radical polymerization of styrene; (c) by
termination of the living end of anionic living polysty-
rene with carbon diexide. In this work, a large amount of
PS macromonomer is needed. Thus, the PS macro-
monomer was synthesized by radical polymerization
with an indicator, V-501, containing the carboxyl group.
Allylmalonic acid diethyl ester was added as the
degradative radical transfer agent to control the poly-
dispersity of the molecular weight. As usual in radical
polymerization, the molecular-weight distribution of PS
macromonomer without fractionation was wide (2.00).
In order to synthesize monodisperse microspheres, a PS
macromonomer with narrow molecular-weight distribu-
tion of graft copolymer is required. Thus, the PS was
fractionated with benzene and methanol.

The molecular weights, the molecular-weight distribu-
tions and the functionality, as the carboxyl group, of the
fractionated PS homopolymers (PS macromonomers)
are listed in Table 1. From these results, it was found that
these PS macromonomers are suitable for grafting onto
PVA, because one end of the PS homopolymers was
terminated with a carboxyl group and their molecular-
weight distributions were limited to below 1.5.

Poly(vinyl alcohol-g-styrene)

The P(VA-g-S) graft copolymers were synthesized by
esterification between the carboxyl groups in the PS
macromonomers and the hydroxyl groups in PVA. To
accelerate the reaction, N, N-dicyclohexylcarbodiimide
was added. Figure I shows the schematic grafting
process. Table 2 shows the conditions and results of
grafting PS macromonomers onto PVA.

In order to control the PS content in the graft
copolymers, the feed amount of the PS macromonomers
was varied. Graft copolymers with various PS contents
in the range from 9 to 51mol% were obtained by
changing the feed amount of PS from 16 to 50 moi%.
The yield of the graft copolymers was decreased by
increasing PS macromonomer in the feed. The grafting in
this work was a chemical reaction between polymer and
polymer; in particular, the hydroxyl group in PVA has to

Table I Characteristics of polystyrene macromonomers

Polymer f7a M, M, Functionality’
PS1 1.1x1¢ 1.46 1.08
PS2 2.2x 10 1.45 1.02
“ Determined by g.p.c.
b The number of carboxyl groups per PS chain

CHO Crosslinked

PVA core
P(VA-g-S) + @ —p
THF/DMSC
C [24°] :heﬂ
Graft TEA chain
copolymer PVA core-PS shell

type microsphere

Figure I The scheme of the synthesis of microsphere

Table 2 Conditions and results of the synthesis of poly(vinyl alcohol-
g-styrene) copolymers

Feed Graft copolymer
Run
No. PVA (2)° PS(g) PS(mol%) Yield(%) PS (mol%)’ N°
Gl 8.0 3.5 160 88.8 9.0 0.5
G2 60 474 250 76.0 16.7 0.9
G3 4.0 6.3 40.0 57.5 23.0 1.4
G4 55 13.0° 500 50.0 51.4 2.5

¢ Poly(vinyl alcohol) M, = 2.2 x 10*

? polystyrene content determined by u.v. adsorption at 269 nm in THF-
DMSO mixture (THF 50 vol%)

¢ Branch number per polymer

4ps1

‘PS2

Figure 2 Transmission electron micrograph of G1 stained with OsOy

be reacted with only one end of PS. The lower yield in the
higher feed of PS macromonomer was due to the higher
viscosity of the solution, which caused a reduction in the
reactivity of grafting. The poly(vinyl alcohol-g-styrene)
graft copolymers were dissolved in DMSC-THF and the
DMSO-benzene at specific compositions.

Figure 2 shows an electron micrograph of the graft
copolymer G1 cast from THF-DMSO mixture. The
dark portions in the micrograph are segregated PVA
stained with OsQy4. The PS content in G1 was 9mo1%.
Based on Molau’s law'®, the PS formed spherical
microdomains with 40 nm diameter in a PVA matrix. If
PVA and PS homopolymers remained in the system,
‘macrophase’ separation of the PS and the PVA would be
observed. The microphase separation observed in this
micrograph indicates that the polymer obtained in this
work was P(VA-g-S) and the homopolymers were
removed by purification.

PV A core—PS corona type micelle formation

In this work, as described in ‘Introduction’, core—shell
type microspheres are synthesized by crosslinking the
core part of the polymer micelle. In order to obtain PVA
core type microspheres, first, PVA core—PS corona type
polymer micelles should be formed in the solvent.

Here, the DMSO-THF mixture was chosen for
micelle formation. The micelle formation of graft
copolymers in the DMSO-THF mixture was investi-
gated by turbidimetric titration. For all graft copoly-
mers, the mixtures were opaque when the THF content
in the mixture was from 0 to 28 vol%. Between 30 and
60vol% of the THF content, the sclutions of all graft
copolymers were transparent due to the dissolution of
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100

Transmittance (%)

Volume fraction of THF (vol%)

Figure 3 Dissolution behaviours of graft copolymers in THF-DMSO
mixtures

both sequences of the graft copolymers in the mixture.
Figure 3 shows the transmittance changes of the graft
copolymers/DMSO-THF mixtures. Above 65vol% of
the THF content, the transmittance of the solutions
decreased. Above 60vol% of THF content, the poly-
styrene macromonomer dissolved in the mixture. More-
over, the bluish tint, which was one of the specific
properties of the micelle solution, appeared for all graft
copolymer mixtures when the transmittance of the
mixture decreased to 90%. From these results, the
formation of the PVA core—PS corona type polymer
micelles was suggested. Thus, the poly(vinyl alcohol)
core—polystyrene shell type microspheres are expected to
be synthesized by crosslinking PVA sequences in these
mixtures. The THF contents of the mixtures whose
transmittance was 90% are listed in 7Table 3. These THF
contents were slightly increased with the PS content of
the graft copolymers.

For polymer micelle formation, the polymer concen-

Table 3 The conditions and results of crosslinking of micelles

tration of graft copolymer is also one of the important
features. Below the critical micelle concentration
(c.m.c.), the graft copolymer does not form micelles”.
Above the c.m.c., increasing the concentration increases
the polydispersity of the polymer micelle size®®. There-
fore, the c.m.c. values of the graft copolymers were
estimated by viscometric measurement in the DMSO--
THF mixture with the specific THF content described
above. The maximum c.m.c. in all graft copolymers was
0.7wt% for G1. Thus, crosslinking was carried out at
1 wt% of the polymer concentration for all cases.

Crosslinking of PV A core of the polymer micelle

Other crosslinking conditions are listed in Table 3. To
change the crosslink density of the microspheres, the
molar concentration ratio of terephthal aldehyde (TPA)
to hydroxyl group was set at 1, 5 and 10mol%.

The crosslinked products of G1 and G2 with lower PS
content graft copolymer were aggregated with 10 mol%
of PTA. For G3 and G4, no aggregated products were
observed. This was due to the fact that PS contents of G1
and G2 were too low to hinder intermicelle crosslinking
(aggregation). When the TPA concentratien was lower
than 10mol%, no aggregated products were obtained.

The synthesis of microsphere was confirmed by SEM
and TEM observations. Figure 4a shows the specific
SEM micrograph of G4-1, which was crosslinked G4
with 1mol% of TPA. The crossiinked products were
spheres with 200 nm diameter and narrow size distribu-
tion. The inner texture of the microsphere can be
observed by TEM (Figure 4b). The dark portions on
Figure 4b are segregated PVA domains selectively stained
with OsQ,4. The PVA sequences formed a spherical
microdomain with 96 nm diameter in each microsphere.
The diameter of PVA microdomain was smaller than the
external diameter of the microsphere. The diameter

Results
Crosslinking conditions
Domain size (nm) Degree of swelling
Run PS content” THF fraction® TPA/VA®
No. (mol%) (vol%) (mol%) Core? Shell® Fitm' PVA core?
Gl-1 9.0 66 1.0 120 18 2.93 3.51
Gl-5 9.0 66 5.0 106 57 1.25 1.50
G1-10 9.0 66 10.0 158 agpgrgtd - -
G2-1 16.7 68 1.0 110 49 1.57 2.20
G2-5 16.7 68 5.0 96 73 1.27 1.78
G2-10 16.7 68 10.0 142 aggretd - -
G3-1 23.0 68 1.0 110 49 1.41 2.25
G3-5 23.0 68 5.0 88 61 1.07 1.7
G3-10 23.0 68 10.0 87 56 - -
G4-1 51.4 69 1.0 96 52 1.34 4.17
G4-5 51.4 69 5.0 90 90 1.11 3.46
G4-10 51.4 69 10.0 80 67 1.11 3.46

“ Polystyrene content in graft copolymer

? In THF-DMSO mixture

¢ Feed amount of TPA

¢ Diameter of PVA core

¢ Thickness of polystyrene shell

Y Weight degree of swelling of the entire film
£ Calculated degree of swelling of PVA core
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Y b ) 20071’11{1

Figure 4 Electron micrographs of the G4-1 microspheres: (a)
observed with a scanning electron microscope; (b) stained with OsOy
and observed with a transmission electron microscope

distribution of PVA spherical microdomains was
narrow. By combining the SEM and TEM results, it
was found that the crosslinked product, G4-1, was a
PVA core—PS shell type microsphere with 96nm core
size and 52nm shell thickness. The diameters of PVA
cores and the thickness of PS shell of other microspheres
are listed in Table 3.

Next, the change of the diameter of the microspheres
with the TPA concentration was examined. If the core
part in the polymer micelle is ideally crosslinked, the
external diameter of the microsphere and the PVA core
diameter depend not on the TPA concentration but on
the polymer type of the graft copolymers. The concen-
tration of TPA should affect only the crosslink density of
the core. As we expected, the diameters of the micro-
spheres were specific for each graft copolymer and
independent of the TPA concentration, except for Gl
and G2 at 10% of TPA. This indicates that the PVA core
parts of the polymer micelles were crosslinked ideally. It
should be noted that the PS content in G1 was only
9mol%. From the volume fraction of PS and PVA in
G1, the ratio of shell thickness to the entire radius of the
microsphere is calculated as 3% at the solid state.
Consequently, we succeeded in the synthesis of PVA
core—PS shell microspheres with very thin PS shell. It
was suggested that the crosslink densities of the micro-
spheres were different as the TPA concentration was
changed. However, the ideal values of the crosslink
densities could not be obtained in this work.

Swelling behaviour of core—shell type microspheres

In order to estimate the crosslink state of the core, the
swelling behaviour of the microspheres was investigated.

As each microsphere was too small to measure its
swelling behaviour by the usual measurement methods,
the microspheres were cast into films. The films were
swollen in water at 35°C for 2 days. The degrees of
swelling (DS) of the films are listed in 7Table 3. Since the
PS matrix in films cannot be swollen in water, DS values
of the PVA cores are calculated by combining the DS of
the film and the volume fractions of PS and PVA. The
calculated DS values of the PVA cores are also listed in
Table 3.

For all graft copolymers, the calculated DS values of
PVA cores with 5% of TPA were smaller than those with
1% of TPA. Thus, the crosslinking of the microspheres
with 5% of TPA was tighter than that with 1% of TPA.
Especially, the DS values of G1, G2 and G3 crosslinked
with 5% of TPA were very close (about 1.7). This
indicates that the crosslink states of their PVA cores were
almost the same. At 5% of TPA conceniration, the DS
value of G4 was larger than for other graft copolymer
products. It is found that the crosslinking of the G4 cores
was looser than for microspheres of other graft
copolymers. This was due to the lower dispersity of
TPA into the polymer micelle of G4 with thick PS shell.
For G4-5 and G4-10, the calculated DP values were the
same, and thus their crosslink densities would be very
similar.

Finally, the solubilities of the microspheres in benzene
were investigated. The crosslinked G4 film is dissolved in
benzene freely. Other films, however, were insoluble in
benzene after swelling and drying, whereas they were all
soluble in benzene before swelling measurements. The
following two reasons are proposed: (a) the remaining
poly(vinyl alcohol) chains seeped out into the polystyr-
ene shell part during swelling, and these chains connected
the poly(vinyl alcohol) cores; (b) inter-core crosslinking
occurred by the pendent —CHGO functional groups in the
core due to the thinner shell and the higher swelling of
the core.

CONCLUSIONS

PS macromonomers with one end capped with a
carboxyl group were synthesized by using radical
polymerization initiated with V-501, which contains
carboxyl groups. Four P(VA-g-S) graft copolymers
with various PS contents were synthesized by esterifica-
tion between the carboxyl end-groups in PS macro-
monomers and the hydroxyl groups in the PVA. By
changing the feed amount of PS, the content of PS in the
graft copolymers could be controlled from 9 to 51 mol%.
These graft copolymers could dissolve in THF-DMSO
mixture. In THF, these graft copolymers formed PS
core~PVA corona type polymer micelles. By adding
DMSO to the THF polymer solution, they completely
dissolved in the mixture, and then formed the PVA core-
PS corona type polymer micelles.

By crosslinking PVA core parts of the PVA core-PS
corona type polymer micelles with terephthal aldehyde
(TPA), PVA core-PS shell type microspheres were
obtained. Their shape and size were estimated by using
a scanning electron microscope and a transmission
electron microscope. When TPA concentration with
respect to PVA was lower than 10 mol%, the cores of the
polymer micelles of all graft copolymers could be
crosslinked ideally, even when the PS shell fraction was
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only 9mol%. Increasing the TPA concentration led to
intermicelle crosslinking for the graft copolymers with
nolystyrene content less than 16.7mol%. When the
polystyrene content was larger than 23 mol%, the TPA
concentration affected not the size and shape of the
microspheres but the crosslinking density of the core.
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