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ABSTRACT:

Poly(ethylene oxide-b-styrene oxide) macromonomers carrying p-vinylbenzyl ether end group were

prepared by sequential anionic polymerization of ethylene oxide and styrene oxide with potassium 2-methoxyethoxide,
followed by reaction with p-vinylbenzyl bromide to the end-group functionality up to 85%. The macromonomers have

been successfully applied to emulsion and dispersion copolymerizations with styrene to afford monodisperse polymeric

microsheres in water and in methanol-water (9/1 v/v) mixture, respectively. Incorporation of the macromonomer into

the particle is more effective, so resulting in smaller particle size, in the emulsion than in the dispersion system. The

particle size in the latter system decreased with the macromonomer concentration in accord with a previously proposed

power-law theory and with the chain length of the styrene oxide block.
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Amphiphilic macromonomers find increasing con-
cern in view of their potential use for preparation of
polymeric microspheres of submicron to micron size
by emulsion and dispersion copolymerizations with a
hydrophobic monomer in water and alcoholic media,
respectively, without conventional surfactants (‘soap-
free’). They are usually composed of hydrophilic poly-
mer chains (tails) and the hydrophobic polymerizable
end groups (heads), which copolymerize in situ with a
substrate hydrophobic monomer to afford graft copoly-
mers. So they serve as effective stabilizers firmly (cova-
lently) attached on the particle surfaces in such a man-
ner that the hydrophobic heads act as anchors while the
hydrophilic tails work as steric stabilizers against floc-
culation. So far a lot of macromonomers have been re-
ported for design of various kinds of polymer micro-
spheres.!

In design of such macromonomers, considerable
attention has been paid for control of hydrophilic—
lyophilic balance (HLB). To our experience, properly
hydrophobically enhanced heads as well as properly
long hydrophilic tails appear to be important in fine size
control and stability of the microspheres to be obtained.
In case of poly(ethylene oxide) (PEO) macromonomers
with styryl or methacrylate end groups, introduc-
tion of some alkylene spacers®® has been success-
ful in this regard. Also interesting is the amphiphilic

Macromonomers / Ethylene Oxide / Styrene Oxide / Block / p-Vinylbenzyl End-

macromonomer of block copolymer type,!®!# in

which hydrophilic segments are connected through hy-
drophobic segments to polymerizable end groups. Ex-
amples include block macromonomers from poly(2-
oxazoline)s,'%!! PEO-b-polystyrene (PSt),'> PEO-b-
poly(butylene oxide),'* and PEO-b-polylactide.'*

In extension of our PEO macromonomer stud-
ies, in this paper we discuss preparation of PEO-b-
poly(styrene oxide) (PSO) macromonomers with p-
vinylbenzyl (VB) end groups for use in emulsion and
dispersion copolymerization with styrene. Here we
expected that PSO segments with VB would provide
good balance with the hydrophilic PEO chains for par-
ticle size control. The surface properties of PEO-b-
PSO block copolymers as recently reported by Mai et
al.’® stimulated the present work on their transforma-
tion into the corresponding macromonomers. The pro-
cess is given in Scheme 1.

EXPERIMENTAL

Materials

p-Vinylbenzyl bromide (VBB) was prepared from
p-vinylbenzyl chloride (VBC) by reaction with
sodium bromide in the presence of tetrabutylam-
monium bromide as described before.!® Styrene,
2,2’ -azobisisobutyronitrile (AIBN), and potassium
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Scheme 1.

persulfate (KPS) were purified by usual proce-
dures as described.”!” Potassium 2-methoxyethoxide
(CH30CH,;CH;0K) was prepared under vacuum
by reaction of potassium mirror with excess 2-
methoxyethanol, followed by evaporation of the alco-
hol to dryness, and finely dispersed in tetrahydrofuran
(THF) by magnetic stirring. Styrene oxide (SO) from
Wako Pure Chemical Co. was distilled over calcium
hydride (CaH;) under a reduced pressure, stirred over
CaH, under a vacuum line over night, and distilled into
calibrated ampoules with a breakable seal. Sodium hy-
dride (60% NaH in oil) was used as supplied (Kishida
Chemical). EO and THF were purified under vacuum
as before.!® 1

Polymerization of EO and SO

Polymerization was conducted under high vacuum
with a conventional breakable seal technique!® !
First, EO (14 mL, 287 mmol) was polymerized in THF
(130mL in total) with potassium 2-methoxyethoxide
(6.9 mmol) at 40 °C. The dispersion of the initiator be-
came transparent in a few hours after heating, indicat-
ing the progress of polymerization. After polymeriza-
tion for 24 h, an aliquot was poured into hexane. The
precipitate was dried and characterized by size exclu-
sion chromatography (SEC) (Figure la) and nuclear
magnetic resonance (‘H NMR) (Figure 2a). The yield
was quantitative. The number-average degree of poly-
merization, n, by SEC was 41, in good accord with
the value 42.6 expected for the living polymerization
with 100% initiator efficiency and 100% conversion
(n=1+287/6.9). The molecular weight distribution
was also sharp with M,/M,=1.12.

The remaining solution in the polymerization flask
was divided under vacuum into three parts for block
copolymerization of SO. Each part was evacuated
to the dry solid, CH30O[CH,CH,0],K (denoted as
E,K), into which SO was introduced when the color
changed to brown to dark red. Polymerization of
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SO in bulk was continued at 65°C for a week and
at 80°C for further one week. Methanol was intro-
duced to quench the reaction and the mixture was
poured into diethyl ether. After three times repre-
cipitation from THF into diethyl ether, the yellow-
colored polymers were freeze-dried from benzene
to give CH30[CH,CH,0],[CH,CH(Ph)O],,H, denoted
as E,S,,. Conversion of SO was low up to about
33 to 40%, as estimated by 'H NMR (Figure 2b).
So the degree of polymerization of SO, m, was con-
trolled by the amount of SO charged. Thus, m = (0.33—
0.40) X [SO]o/[K], for the above condition, where
[SO]o/[K], is the mole ratio of SO to E,K in feed.

End-Group Transformation

Into a three-necked flask under Ar atmosphere,
sodium hydride in oil was introduced, washed with
hexane, and dried under vacuum. The block copoly-
mer, E,S,,, dissolved in dry THF was introduced and
the mixture was stirred for alkoxidation at room tem-
perature for 2h. VBB was added and the mixture
was stirred at 30 °C over night in dark. The content
was diluted by benzene and the precipitated salts were
filtered. The filtrate was poured into diethyl ether,
three times reprecipitated, and freeze-dried from ben-
zene. The polymers were obtained as almost white-
or light yellow-colored powders. A typical recipe of
the reaction was E,S,, 1.6 mmol/NaH 32 mmol/VBB
16 mmol/THF 50 mL. End-group functionality of the
final macromonomers, denoted as E,S,,V, was found
to be 75-85% as estimated by the intensity ratio of the
peaks due to vinyl and oxyethylene protons in'H NMR
(Figure 2c¢).

Emulsion and Dispersion Copolymerizations

Stable emulsion of styrene in water with the block
macromonomer, E,S,,V, was easily obtained by me-
chanical or magnetic stirring. Copolymerization was
carried out in a flask with a mechanical stirrer at 65°C

529



H. IMAI S. KAWAGUCHI, and K. ITO

for one day with KPS as an initiator as described be-
fore.” Dispersion copolymerization was conducted at
60 °C in methanol-water mixture (9/1 v/v) with AIBN
as an initiator. Styrene, macromonomer, and methanol—
water mixture with AIBN were charged into a round-
bottomed glass tube with a magnetic stirrer tip. The
tube was degassed three times by freeze-thaw in vac-
uum, sealed off, and placed in a heated bath to start
the polymerization. The clear solution became imme-
diately cloudy to a latex and the mixture was stirred
magnetically for one day. The average size and dis-
tribution of the particles obtained were analyzed for
one hundred particles in the scanning electron mi-
croscopy (SEM) or transmission electron microscopy
(TEM) photographs taken after dilution with methanol.
Conversion of styrene was almost quantitative as deter-
mined by gravimetry.”-!7 The particles were purified by
centrifugal separation with methanol to remove the un-
reacted macromonomers, as confirmed by SEC. Their
composition was estimated by 'H NMR from the peak
intensity ratio of the phenyl to oxyethylene protons.

Characterization

Measurements of "H NMR in CDCl; (Mercury Var-
ian 300), SEC with THF as an eluent (1 mL min~!)
(JASCO PU980 pump) with RI (RI980) and UV
(Uvidec-10-III) detectors, and SEM (Hitachi S-2300)
were carried out as described before.!”-! TEM was
measured on Hitachi H-800 Microscope working at
200kV accelerating voltage with a sample prepared
from 0.2 wt% aqueous emulsion coated on a 200 mesh
collodion sheet (Nissin EM Co.).

RESULTS AND DISCUSSION

Preparation of EO-SO Block Macromonomers

Polymerization of EO with potassium 2-
methoxyethoxide (E;K) proceeded in a living
fashion to afford methoxy-ended PEO K-alkoxide
(E,K) as previously reported?® Thus the degree of
polymerization as determined by SEC (Figure 1a) was
very close to that predicted by the molar ratio of EO
to the initiator charged, i.e., n=1+[EO},/[E;K],, and
the molecular weight distribution was narrow with
My /M,=1.12. In '"H NMR spectrum (Figure 2a), the
intensity ratio of the methoxy (a) and oxyethylene
(b) peaks at 03.4 and 03.7, respectively, was also
very close to that expected, i.e., 3/4n, supporting the
incorporation of the methoxy end-group as an initiator
fragment in each polymer chain.

Subsequent polymerization of SO with E,K to
E,S, K, however, was extremely slow as reported by
Mai et al.'® Indeed, the conversion was up to 40% after

530

(a)

RT

(d)

T
20 25 30
Elution time / min

Figure 1. SEC traces of (a) E4;, (b) E4;S4.1, (c) E41S4,V with
RI detector, and (d) E4;S4,V with UV detector.

polymerization at 65 °C for a week and at 80 °C for fur-
ther one week. The degree of polymerization, m, was
controlled by the ratio of SO/E,K. The SEC peak after
SO polymerization (Figure 1b) was found just to shift
parallel to higher molecular weight side and the cor-
responding peak by UV detector showed a very simi-
lar response, just like Figure 1d for E,S,,V, indicating
that the block copolymerization proceeded smoothly
and evenly on each E,K chain.

Direct reaction of E,S,,K with VBB in THF, in-
cluding unreacted SO, was first attempted in a vac-
uum system but not successful, so the alcohol, E,;S,,,
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Figure 2. 'H NMR spectra of (a) E4;, (b) E4S4;, and (c)
E41S4.1V.

was isolated and reacted with very large excess of
NaH and VBB in THF (Williamson synthesis) at 30°C
over night. The incorporation of p-vinyl benzyl end
group was not quite high but 75-85% as estimated by
'"H NMR (Figure 2c). Results of characterization of the
final block macromonomers obtained, E,S,,V, are sum-
marized in Table L.

The very slow reaction found for E,S, K with SO
(propagation) as well as VBB (termination) appears
to be due to steric repulsion among the bulky phenyl
rings of the reactants. This slowness as well as severe
reaction condition (high temperature) made no use of
the initiation method using p-vinylbenzyl alcohol K-
alkoxide as an initiator for block copolymerization of
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Table I. Characterization of block macromonomers, E,S,,V
Code? M,P M,/ M,b f°
EqS26V 2400 1.12 0.85
E41S41V 2500 1.15 0.82
E41SesV 3000 1.25 0.75

2The subscript numbers after E and S denote number-
average degree of polymerization of EO and SO,
as determined by SEC and 'H NMR, respectively.
"Determined by SEC calibrated with poly(ethylene gly-
col)s. °End-group (p-vinylbenzyl) functionality as de-
termined by 'H NMR.

SO and EO, in contrast to the successful case of buty-
lene oxide and EO reported by Guyot et al.3

Application to Emulsion and Dispersion Copolymer-
ization with Styrene

The block macromonomers obtained, E,S,,V, were
successfully applied to emulsion and dispersion
copolymerizations with styrene to obtain monodisperse
polystyrene microspheres of submicron to micron size.
Typical TEM and SEM photographs are shown in Fig-
ure 3, with the characterization data in Table II.

As a most probable model of the microsphere, we as-
sume core-shell structure in which the core consists of
polystyrene chains and the shell of PEO chains® Then,
we have:

R = (3 Mp WSOQS)/(pWDOHDNAS)
= (3msMs)/(pNampS) (1)

where R is the particle radius, Ws, the weight of the
substrate monomer (styrene) in feed, €& its conversion
of polymerization, p the density of its polymer, Wp, the
weight of the macromonomer in feed, €p its conver-
sion copolymerized or grafted on the surface, Mp the
molecular weight of the macromonomer, S the cross-
sectional area occupied by each grafted macromonomer
chain on the particle surface, and Ny the Avogadro’s
number. With mg and mp denoting for the moles
of the substrate monomer and the macromonomer in-
corporated into the particle core and surface, respec-
tively, and Mg for the molecular weight of the sub-
strate monomer, we have (Wso0s)/(Wpobp) = (msMs)/
(mpMp) and then the last equation in eq 1.

In the present case with styrene and FE41S4.V,
Mg =104, Mp=2500, and by assuming p=1g cm™,
we have the relationships: R=0.52ms/(mpS) with
R and S in units of nm and nm?, respectively, and
0s/6p = (ms/mp)/24(Wso/ Wpo). Table 11 includes the re-
lated parameters calculated from R=D,/2 and ms/mp
observed. Here it is to be noted that we used the
value of Wp, after corrected for the incomplete func-
tionality of the vinyl end group: i.e., Wp,=f X the
weight of the macromonomer charged in feed, where
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(a)

(b)

Figure 3. (a) TEM and (b) SEM photographs of the particles obtained by emulsion and dispersion copolymerizations, respectively. See

Table I for characterization data.

Table Il. Emulsion and Dispersion Copolymerizations of Styrene with E4; Sy, V
WSo/WDo Dnc Dw/DnC ms/de Se <Rg>f g
> 6s/6p
(g/g) (nm) (mol/mol) (nm”) (nm)
Emulsion® 15.2 168 1.01 400 2.5 0.89 1.1
Dispersion® 15.2 726 1.01 1100 1.6 0.71 3.0

2Feed: styrene (Wso)=8g, E41S41V (Wpo)=0.64 gx0.82, KPS=80mg, wa-

ter=80mL. Temperature:
version:

65°C. Polymerization time: 24h.

nearly quantitative (fs=1). P°Feed:

Styrene con-
styrene (Wso)=1g, E4S41V

(Wpo)=0.08 gx0.82, AIBN=20mg, methanol-water (9/1 v/v)=10mL. Temper-
ature: 60 °C. Polymerization time: 24h. Styrene conversion: nearly quantitative
(Bs=1). °D, and D,: number- and weight-average particle diameters from TEM
or SEM. ¢Styrene/macromonomer mole ratio in particle from 'H NMR. ¢Cross-
sectional area per macromonomer chain on particle surface from R=D,/2 and
mg/mp with eq 1, with Mg=104 and assuming p=1gcm™. fAverage radius of
gyration of each macromonomer chain occupying the cross-sectional area on par-
ticle surface: (Rg)=(S /m)!/2. eRatio of conversion of styrene to macromonomer:

0s/0p = (ms Ms/mp Mp) (Wpo/ Wso).

f is the functionality as given in Table I. Starting with
the same recipe, the emulsion system clearly produced
much smaller microspheres than the dispersion system,
as usually observed. This can be attributed to much
lower incorporation of the macromonomer into the par-
ticles in the latter. Thus the lower 6y/6s or mp/mg re-
sults in smaller coverage of the macromonomer (PEO)
chains on the particle surfaces leading to a larger size
in the dispersion system. On the other hand, the con-
formation of each PEO chain tethered on the surface,
as judged by S or (Ry), appears essentially the same in
either system. The values, however, are much smaller
than those expected for free, random PEO chains with
n=41, Siandom= 13 nm? and, (Rg)random = 1.6 nm, cal-
culated from Sandom = (5/3) (Rg)? with (Rg?)!/2=0.02
M,,%3% for PEO at 25 °C in water or methanol.5%2! The
last comparison supports the idea that the PEO chains
copolymerized in the final particles extend cylindrically
right on the particle surfaces rather than randomly ex-
pand over the surface, as already pointed out® 22

The reason why macromonomers appear much less
reactive in the dispersion system is not very clear at
present, but we suppose as follows. Excessive mo-
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lar amounts of styrene and the macromonomers dis-
solved molecularly in methanol-water (9/1 v/v) mix-
ture will polymerize and/or copolymerize to give insol-
uble polystyrenes and styrene-rich copolymers, which
will coalesce together to originate the sterically stabi-
lized microparticles, which will in turn grow in size by
polymerization and copolymerization of the monomers.
Here styrene monomers appear to be more easily oc-
cluded in the particles because the incorporation of the
macromonomers will be hindered sterically by the al-
ready grafted PEO chains covering the surface. As a
consequence, the final particles characterized by lower
mp or Op (higher ms/mp or 6s/6p) will result with
larger size as compared to the emulsion system. On the
other hand, essentially all styrene monomers and the
macromonomers are included in the emulsion droplets
ab initio and are supposed to polymerize and/or copoly-
merize in roughly azeotropic manner.-2® Here we are
reminded of a mechanism of miniemulsion polymeriza-
tion,”*2 since the styrene emulsions are easily made
by addition of the amphiphilic PEO macromonomers
and appear to polymerize as such, and interestingly in
the present case, without any additives such as higher

Polym. J., Vol. 35, No. 6, 2003
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Figure 4. Double logarithm plots of particle diameter (D,) vs
macromonomer concentration (Wp,) in dispersion copolymeriza-
tion: (a) E41S,26V, (b) E41S4.1V, and (¢) E4SesV. Slopes are for the
least-squared straight lines.

alkanes or alcohols. Further study is needed to confirm
the clear mechanism and for further application.

Eq 1 does not mean that the particle size is a direct
function of Ws,/Wp, since s, Op as well as S are inter-
related variable quantities. Based on the kinetic simula-
tion together with the homogeneous nucleation mecha-
nism by Paine,?® we proposed an eq for the particle size
in dispersion copolymerization:

R = 65" (3 Wso/pNaY*">(Mpr1/ WpoS crir) '/
x(0.386ky /4mtky) /0 (ki [ 2kq fT110) /12 Q)

where S is S at critical point where the sterically
stabilized particle formation is established, » is the
substrate monomer reactivity ratio in copolymerization
with the macromonomer before the critical point, /& is
the diffusion-controlled rate constant for coalescence of
similar-sized microparticles, k, and k; are the propaga-
tion and termination rate constants of polymerization of
the substrate monomer, and k4, f, and [I], are the de-
composition rate constant, initiator efficiency, and the
initiator concentration, respectively. After the critical
point, the sterically stabilized particles are assumed to
coalesce no more, with the number of such particles re-
maining constant. Thus the particle size should depend
on Wso?*Wpe /2, as observed in dispersion copoly-
merization of styrene or n-butyl methacrylate with PEO
macromonomers.®

The effects of the type and the concentration of the
present block macromonomers on the particle size are
given in the log-log plots of D, vs. Wp, in Figure 4 for
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the final particles obtained (6 ~ 1), again using Wp,-
values corrected for imperfect functionality. The slopes
are close to the theoretical value of —1/2, supporting the
proposed nucleation and growth mechanism. The par-
ticle size decreased significantly with increasing chain
length of SO segments, m, of the block macromonomer.
It appears that the increased hydrophobicity of the poly-
merizing end group enhances its copolymerizability
with styrene (lower r1) in methanol-water mixture.

In conclusion, block macromonomers, E,S,,V, were
prepared by successive anionic polymerization of EO
and SO, followed by Williamson synthesis with VBB.
End-group functionality was 75-85%. The effect of
the hydrophobic SO block inserted between the poly-
merizing end group and the PEO chain was striking to
control the emulsion and dispersion copolymerizations
with styrene to monodisperse microspheres, since the
PEO macromonomers without SO blocks are not so ef-
fective but give rise to particles with broader distribu-
tion or even some coagulations. The effect of the im-
perfect end-group functionalization, however, remains
to be studied, together with the effort to achieve more
perfect functionalization.
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