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ABSTRACT: Poly(ethylene oxide) (PEQ) macromonomers (1 and 2) carrying a methyl, n-butyl, tert-butyl,
n-octyl, or n-octadecyl group as the w-end and a p-vinylbenzyl or methacryloyl group as the a-end were
prepared, and their radical polymerizations in water were found to occur unusually rapidly as a result of their
organization into micelles. The micelle sizes were estimated with the nonpolymerizable macromonomer
models (3 and 4) by laser light scattering measurements. Significant effects of w-alkyl groups and the PEO
chain lengths on the polymerizability were observed and found to parallel the molecular density of the
corresponding model, measured by the degree of aggregation (m) divided by the micelle volume (V). The
hydrophobic a-ends as polymerizing groups are very likely to be concentrated and organized in the micelle
core, with the hydrophilic PEO chains coiling in the surrounding shell, allowing a very rapid polymerization
to an amphiphilic comb polymer of a very high molecular weight.

Introduction

Anumber of macromonomers have so far been developed
to be useful for designing a vast variety of well-defined
graft copolymers.! Along with extensive studies on their
preparation and practical applications, there has been
considerable progress in understanding the macromono-
mer’s behavior in copolymerization with a conventional,
trunk-forming comonomer, which is of fundamental im-
portance in determining the primary structure of the
resulting graft copolymers. Among others, Tsukahara?
and Gnanou?® and their co-workers have shown clearly with
polystyrene macromonomers that their reactivities are
essentially determined by the chemical nature of their
terminal copolymerizing groups, so long as they are
thermodynamically compatible with, or at least able to
interpenetrate without difficulty, the trunk polymer
chains, i.e., the polymer radicals from the comonomers
employed. The so-called kinetic excluded-volume effect,
if any, appears to be negligibly small. Therefore, an
apparent decrease in the macromonomers’s reactivity
compared to that of the low molecular weight analogue,
as often observed in such cases including poly(ethylene
oxide) (PEO),* polyisobutylene,® and poly(dimethylsilox-
ane),%7 could be reasonably ascribed to thermodynamic
repulsion or incompatibility between the macromonomer
and the trunk polymer from the comonomer, resulting in
phase separation in extreme cases. Monomer partition at
the polymerization site, which may differ in the compo-
sition from the bulk, can also be a factor for changing the
apparent reactivity in the cases including a selective
solvent® or in a dispersion polymerization system.?

On the other hand, homopolymerization of macromono-
mers to afford comb- or starlike polymers has recently
been of considerable concern in view of a very specific
kinetic behavior. In particular, the termination rate
constants in the radical polymerization of polystyrenel®!!
and syndiotactic poly(methyl methacrylate) macromono-
mers!? have been estimated to be even 3-5 orders of
magnitude smaller than those of the low molecular weight
monomers, probably due to their highly crowded, multi-
branched segments in their diffusion-controlled polymer-
polymer reactions.

The present paper aims to summarize and discuss our
results?® of radical polymerization of PEO macromono-
mers (1 and 2), which have been our interest because of
their amphiphilic property of being soluble in such a wide
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range of solvents as benzene and water. Their polymer-
ization in water was indeed found to occur unusually
rapidly, probably as a result of their organization into mi-
cellar aggregates. This appears to be a feature general for
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amphiphilic macromonomers, and their organized polym-
erizations will be promising to realize fixation of the am-
phiphilic microdomains. The macromonomers 1 and 2
willbe abbreviated hereafter by R-PEO-VB-n and R-PEO-
MA-n, respectively, to specify the w-alkyl group by R; C,
for methyl, C, for n-butyl, tC, for tert-butyl, Cg for n-oc-
tyl, and Cig for n-octadecyl. The number-average degree
of polymerization of the PEO chain is specified by the
number for n, while VB and MA stand for the a-end groups,
p-vinylbenzyl and methacryloyl, respectively. Their non-
polymerizable models, 3 (R-PEQO-Bz-n) and 4 (R-PEO-
IB-n), served for light scattering measurements to estimate
the micelle size.
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Table I
Characterization of Macromonomers and Their Nonpolymerizable Models*
na
abbrev w-group R® a-group X@ NMR? GPC* My/M, GPC¢
C,-PEO-VB-17 methyl p-vinylbenzyl 17 15 1.26
C,-PEQ-VB-25 methyl p-vinylbenzyl 25 26 1.26
C,-PEO-VB-45 methyl p-vinylbenzyl 45 43 1.19
C,-PEO-VB-60 methyl p-vinylbenzyl 60 59 1.10
C-PEO-MA-25 methyl methacryloyl 25 27 1.16
C+PEO-VB-39 n-butyl p-vinylbenzyl 39 40 1.14
tC+PEQ-VB-24 tert-butyl p-vinylbenzyl 24 24 1.08
tC+-PEO-VB-32 tert-butyl p-vinylbenzyl 32 30 1.09
tC«-PEO-MA-24 tert-butyl methacryloyl 24 24 1.08
Cs-PEO-VB-43 n-octyl p-vinylbenzyl 43 42 1.16
Cys-PEO-VB-35 n-octadecyl p-vinylbenzyl 35 36 1.04
C;-PEQ-Bz-25 methyl benzyl 25 27 1.16
Cy-PEO-Bz-45 methyl benzyl 45 43 1.18
C;-PEO-IB-25 methyl isobutyroyl 25 27 1.16
C+PEO-Bz-39 n-butyl benzyl 39 40 1.08
tC4-PEO-Bz-32 tert-butyl benzyl 32 30 1.07
Cs-PEO-Bz-43 n-octyl benzyl 43 42 1.03
C1s-PEO-Bz-35 n-octadecyl benzyl 35 36 1.08

¢ RO-(CHzCH,0),-X. ® Determined by 'H NMR from the ratio of peak areas of oxyethylene to benzylmethylene protons. ¢ Determined by

GPC calibrated with PEO standard samples.

Experimental Section

Materials. Monomers, solvents, «,a’-azobis(isobutyronitrile)
(AIBN), p-vinylbenzyl chloride (VBC), and methacryloyl chloride
(MAC) were purified as described before.* Potassium tert-bu-
toxide and 2-methoxyethoxide were prepared under vacuum as
before.* Potassium n-butoxide was prepared under vacuum by
the reaction of potassium mirror with excess n-butanol, followed
by evaporation of the excess alcohol, and finally dispersed in
tetrahydrofuran (THF). Potassium n-octoxide was prepared
similarly by reacting n-octanol solution in THF with excess
potassium at about 55 °C for 3 h, when the evolution of the
hydrogen gas was little observed, leaving a clean solution and
excess potassium, which was filtered out by a glass filter. 4,4’-
Azobis(4-cyanovaleric acid) (AVA) from Aldrich, deuterated
solvents, CDClj, C¢Dg, and D;0, from Aldrich or CEA, and sodium
hydride from Kishida Chemicals were used as supplied.

Macromonomers. C;, tC;, C-PEO-VB, and C,-PEO-MA
were prepared under vacuum by living anionic polymerizations
of ethylene oxide with the corresponding potassium alkoxides as
the initiators, followed by end capping with VBC or MAC,
according to the procedure described previously.t C.-PEO-VB
was prepared also under vacuum from monostearyl ether of poly-
(ethylene glycol), supplied from the Takemoto Qil & Fat Co.,
Ltd., by reacting with excess sodium hydride in benzene, to afford
the alkoxide solution, which was filtered and reacted with excess
VBC. All the macromonomers were purified similarly as de-
scribed before* and examined by GPC and H NMR to verify the
structures. Sharp distribution in the molecular weights and the
end functionality above 95% were satisfactorily confirmed in
each case. The results of characterization were summarized in
TableI, together with those of the nonpolymerizable macromono-
mer models, which were prepared similarly by end capping with
benzyl chloride or isobutyroyl chloride in place of VBC or MAC.
Low molecular weight oligomer monomers, such as C,-PEQ-VB-
1, C;-PEO-VB-4, and C;-PEO-MA-3, were prepared from the
corresponding mono- or oligo(ethylene glycol) monomethyl ether
according to the procedure described before.* Only C,-PEO-
MA-3 was soluble in water among the oligomers studied.

Polymerization. Macromonomers were polymerized at 60
°C either in benzene with AIBN or in water with AVA under
argon atmosphere. Polymerization was generally monitored in
the corresponding deuterated solvent by means of 'H NMR by
following the disappearance of the double-bond peaks in reference
tothe oxyethylene peaks, as exemplified in Figure 1. Conversions
were calculated by the equation

conversion (%) = [1 - (b/a),/(b/a),] X 100 (1)

where (b/a); and (b/a)o are the ratios of the peak area of the
double-bond protons to that of the oxyethylene protons at a given
time, ¢, and at ¢t = 0, respectively. The polymerization in water
was 80 rapid that it was monitored throughout in the NMR probe

¢H3
CH2=C§-[0CH2CH2];‘OC(CH3)3
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Figure 1. Monitoring by 'H NMR of the polymerization of C,-
PEO-VB-24 in benzene.

at 60 °C, while that in benzene was so slow that the NMR tube
was placed in an oil bath of 60 °C except for the time of NMR
measurements. Gel permeation chromatography (GPC) was also
used to check the conversion of tC-PEO-VB. The polymeri-
zation mixture, after being freeze-dried, was subjected to a GPC
measurement in THF to analyze the relative peak areas due to
the macromonomer and its polymer, by assuming their same
response to the refractive index (RI) detector. Polymerization
of a model monomer, C;-PEQ-VB-1, in benzene was also checked
by a conventional method of weighing after isolation of the
polymer by precipitation into hexane. Some of the poly(mac-
romonomer)s were isolated from the polymerization mixture by
fractional precipitation from benzene-hexane mixture at 40 °C
and confirmed by GPC for the removal of the unreacted mac-
romonomers.

Measurements. GPC was measured with a HPLC of Jasco
(Japan Spectroscopic Co., Ltd., Hachioji, Tokyo 192), TRIRO-
TAR-III, equipped with an RI detector, Shodex SE-11, and an
appropriate combination of columns, Shodex A-801 to A-804
depending on the molecular weight range. THF was used as an
eluent at a flow rate of 1 mL/min at 40 °C. Molecular weight
was calibrated with standard samples of PEO from Tosoh Co.,
Ltd. 'H NMR spectra were recorded on a JEOL JNM-GX 270
FT spectrometer in CDCls, in C¢Dg with tetramethylsilane (TMS)
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Figure 2. Conversion vs time plots for polymerization of tC,-

PEO-VB-24 (0 by NMR, O by GPC) and C;-PEO-VB-1 (@ by

NMR, B by weighing) in benzene with [M] = 45 mmol/L and
[AIBN] = 2.25 mmol/L.

or hexamethyldisiloxane (HMDS), or in D,0 with sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) asan internal standard.
Four to eight scans with a pulse delay time of 3060 s were
satisfactory to reproducible results for the structure and con-
version analyses. Light scattering was measured at 25.0 °C with
a photometer system, LS-601, Union Giken Co., Ltd., equipped
with a He-Ne laser of 632.8 nm. The sample solution was filtered
through a membrane of pore size 1 or 0.45 um, Toyo Roshi Co.,
Ltd. The refractive index increment (dn/dc) was measured at
25.0 °C with a refractometer, RF-600 of the C. N. Wood Mfg. Co.,
Ltd., or RM-102 of the Ootsuka Electronics Co., Ltd.

Results and Discussion

General Polymerization Behavior of PEO Macro-
monomers. The copolymerization of the PEO mac-
romonomers (M;) with a conventional comonomer (Ms)
such as styrene was studied in detail previously,* with the
result that the M;’s relative reactivity, 1/ro, where ro is the
monomer reactivity ratio of M, decreased with an
increasing degree of polymerization of M;. This means
that the propagating polymer radical, which can be
approximated as a poly-M; radical under the condition
employed, reacts with greater difficulty with M; than with
the lower molecular weight model monomers. A thermo-
dynamic repulsive interaction between the unlike, imcom-
patible polymer chains, i.e., M1 and poly-Mj, was proposed
as a most important factor for decreasing their apparent
reactivities.

Incontrast, the homopolymerization of the macromono-
mer should not be affected by thermodynamic compat-
ibility or incompatibility between the polymer radical and
the macromonomer because of their same chemical con-
stitution. In fact, the macromonomers were found to
polymerize more rapidly both in benzene and in water
than the low molecular weight model monomers, as shown
inFigures 2and 3. The estimation of conversions by means
of tH NMR is in satisfactory agreement with that by GPC
or by weighing. The higher polymerization rates of the
macromonomers can be reasonably ascribed to a lower
rate of diffusion-controlled termination due to their highly
crowded segments, as will be discussed in more detail later.

Most important to be noted, however, is the fact that
the polymerization in water, Figure 3, is surprisingly higher,
in spite of the lower initiator concentration, than that in
benzene, Figure 2. The former is almost quantitative after
about 5 h, while the latter is very slow and levels off below
50% conversion after 4 days or so. Thus in benzene, the
employed condition of very low concentrations of both
the macromonomer and the initiator on the molar basis
may well result in the “dead-end” phenomenon! as
observed. In water, however, these amphiphilic mac-
romonomers will aggregate to form micelles with their
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Figure 3. Conversion vs time plots for polymerization of tCy
PEO-VB-24 (@), tC,-PEO-MA-24 (0), and C;-PEQO-MA-3 (00} in
water with [M] = 45 mmol/L and [AVA] = 0.45 mmol/L.
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Figure 4. log-log plots of R, vs [M] for polymerization of tC,-
PEO-VB-24 (® in water, B in benzene) and tC,-PEO-MA-24 (O
in water, O in benzene). [AVA] = 0.45 mmol/L in water, and
[AIBN] = 9.9 mmol/L in benzene.

hydrophobic groups in the core and the hydrophilic PEO
chains in the surrounding shell. This aggregation will
locally concentrate and orientate the hydrophobic polym-
erizing groups to enhance their polymerization. This will
be the subject that follows. The difference in the initiators,
AVA in water and AIBN in benzene, cannot be a factor
because the former decomposes more slowly than the
latter,!® contrary to the observed polymerization rates.

Kinetics of Polymerization. The rate of polymeri-
zation, Ry, of tC4-PEO-VB and -MA was estimated from
the initial slope of the conversion vs time plots, with the
results given in Figures 4 and 5. It is clear in these log-log
plots that R in water is 1 or 2 orders of magnitude higher
than that in benzene. The exponent of the dependence
of Ry on the concentrations of the monomer, [M], and the
initiator, [I], indicates the following relationships to hold
roughly within the concentration range studied

R, « [M]'*[1]'*  in benzene 2

and
R, = [M][I]'? in water (3)

The latter is in accordance with the conventional rela-
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Figure 5. log-log plots of R, vs [I] for polymerization of tC;-
PEO-VB-24 (@ in water, ® in%enzene) and tC,-PEO-MA-24 (O
in water, O in benzene). [M] = 45 mmol/L.

tionship in radical polymerization!4 as

R, = k,(2fky/ k)M (1] @)

where k&, and k are the rate constants of propagation and
termination, respectively, while k4 and f are the decom-
position rate constant and the initiator efficiency of the
initiator, respectively.

The square-root dependence of [I], as observed both in
benzene and in water, clearly supports the conventional
bimolecular termination of the polymer radicals to prevail
also for the polymerization of the macromonomers, at least
under the conditions employed. Since these radical
termination reactions are now well-known to be diffusion-
controlled,!416 they should be retarded by increasing
viscosity of the medium, thus by restricting the segmental
motion of the involved polymer radicals. This can be a
reason for the higher rate of polymerization of the mac-
romonomer as compared to the low molecular weight model
monomer, as found in Figures 2 and 3. The dependence
on [M] may become higher than the first order as observed
in benzene, as a result of the inverse dependence of k; on
the medium viscosity, which increases with the monomer
concentration, because the monomer here is itself a
polymer of a reasonable molecular weight.l” The results
in Figure 4 or eq 2 are thus reasonable in reflecting this
situation. Tsukahara and co-workers!? reported an even
much higher order of dependence on [M] for the meth-
acrylate-ended polystyrene macromonomer of a molecu-
lar weight around 13 000 in benzene. Recent ESR studies!!
estimated the decrease in k; by a factor of 103, together
with the decrease in k, by a factor of about 10, as compared
to methyl methacrylate. A similar situation may also be
true in our system in benzene.

In water, however, an apparently normal kinetic be-
havior, eq 3, was observed with an unusually high po-
lymerization rate. This can be expected in the context of
the micellar polymerization by considering that k; may be
extremely low and remains constant in the organized mi-
cellar environment, independent of the overall monomer
concentration, which is much higher than the critical mi-
celle concentration (cmc), as will be shown later. The
linear dependence of R, on [M] may simply reflect a linear
dependence of the concentration of the micelles, which
are the sites of polymerization, on the overall concentra-
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Figure 6. Conversion vs time plots for polymerization of C;-
PEO-VB-45 (@), C,-PEQ-VB-39 (m), tC,-PEO-VB-32 (aA), Cs-
PEO-VB-43 (0), C1s-PEO-VB-35 (O), and C,-PEQ-VB-4 (4) in
benzene with [M] = 45 mmol/L and [AIBN] = 2.25 mmol/L.
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Figure 7. Conversion vs time plots for polymerization of C;-
PEO-VB-17 (v), C,-PEO-VB-25 (0), C,-PEO-VB-45 (O), and
C;-PEO-VB-60 (a) in water with [M] = 45 mmol/L and [AVA]
= 0.45 mmol/L. Solid symbols refer to the corresponding po-

lymerization in benzene with [M] = 45 mmol/L and [AIBN] =
2.25 mmol/L.

tion. This situation may appear to be somewhat similar
to that in the conventional emulsion polymerization!4 but
it is different in that the monomers here are themselves
the micelle-forming surfactants and that the system
remains apparently clear throughout the polymerization.
The same normal kinetics as in eq 3 has been reported by
Yeoh and co-workers!® for the polymerization of a sur-
factant monomer such assodium 11-[N-(methacryl)amido]-
undecanoate.

Effects of w- and a-Terminal Groups and of PEO
Chain Lengths on the Polymerizability. Figure6shows
that the w-alkyl groups of the macromonomers, R-PEO-
VB, have little effect on their polymerizability in benzene
and that they polymerize more rapidly than the lower mo-
lecular weight homologue, C,-PEO-VB-4. This result is
in line with the previous discussions. Figure 7 shows that
the chain lengths of PEO have little effect on the poly-
merization in benzene. These results indicate that the
chemical reactivity of the terminal double-bond deter-
mining k, and the mutual segmental diffusion of the
polymer radicals determining k; do not so significantly
depend either on the w-alkyl groups or on the PEO chain
lengths, at least within the range studied, i.e., C; to Cig for
R and 17-60 for n.

In water, however, significant effects are observed. From
the results with R-PEO-VB-n in Figures 7 and 8, we can
summarize the effects of R and n on R, in the decreasing
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Figure 8. Conversion vs time plots for polymerization of C;-
PEO-VB-25 (0), C,-PE0-VB-39 (o), tC,-PEO-VB-32 (a), Cs-
PEOQ-VB-43 (©), and Cys-PEO-VB-35 (V) in water with [M] =
45 mmol/L and [AVA] = 0.45 mmol/L. Solid symbols refer to
the corresponding polymerization in benzene with [M] = 45
mmol/L and [AIBN] = 2.25 mmol/L.
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Figure 9. Conversion vs time plots for polymerization of C;-
PEO-MA-25 (O) and C;-PEQ-VB-25 (0) in water with [M] = 45
mmol/L and [AVA] = 0.45 mmol/L. Solid symbols refer to the
corresponding polymerization in benzene with [M] = 45 mmol/L
and [AIBN] = 2.25 mmol/L.

order as follows: R=C13> Cg> C; > Cy>tCyand n =
17-25 > 45 > 60. As to the effect of n lower than 17, the
model monomer, C;-PEO-VB-4, is insoluble in water, but
its polymerization appears to be much slower than C;-
PEO-VB-17, considering the results in benzene in Figure
6 together with those in water for R-PEO-MA-n in Figure
3. Therefore, the polymerizability of C,-PEO-VB-n has
its maximum around n = 10-25. A similar trend appears
to be true with the other macromonomers, since the mi-
celle formation will be unfavored with either too high or
too low chain lengths of PEQ. In this manner, the results
observed in water reflect the effects of R and n on the
formation of the micelle, the structure of which will in
turn affect k;, and/or ki, as will be discussed later.

The a-terminal directly determines the chemical reac-
tivity of the macromonomer. Figure 9 as well as Figures
3-5 shows the higher rate of polymerization of the meth-
acrylates than that of the corresponding p-vinylbenzyl
ethers, both in benzene and in water, just as expected for
the conventional monomers such as methyl methacrylate
vs styrene.l4

Molecular weights of some of the poly(macromonomer)s
obtained were determined by means of a laser light
scattering measurement in benzene with the results given
in Table II, together with those estimated by GPC. First,
it is important to note that the weight-average degree of
polymerization, DPy, was unusually high, just as observed
for R, as compared to that expected for the conventional
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Table II
Molecular Weights of Poly(macromonomer)s*
polymn LSb GPCe
macromonomer  solvent 10°¢M, DP, 10M, My/M,
C-PEO-VB-25  water 10.0 8000 0.218 1.21
Ci-PEO-VB-45  water 6.4 3000 0.194 1.18
C4+PEO-VB-39  water 3.0 1570  0.207 1.15
tC-PEO-VB-32 water 24 1500 0.146 1.25
C;-PEO-VB-45  benzene 1.9 880  0.082 1.33

@ Polymerization condition: [M] = 45 mmol/L, [I] = 0.45 mmol/
L, at 60 °C for 24 h in water and 96 h in benzene. ? Light scattering.
¢ Gel permeation chromatography calibrated with linear PEO stan-
dard samples.

8r

Rgg x 106 (fcm)

Cx10% (g/ml)

Figure 10. Rayleigh ratio at 90° (Rg) vs concentration for Cis-
PEOQ-Bz-35 in water (O) and in benzene (®).

(K(c-co) Rg)‘lzx 103 (mol"zlgllz)

0 1 i
0 05 10

sin2(e/2)+100(c~-c,)

Figure 11. Modified Zimm-Berry plots for C;-PEQ-Bz-45 in
water.

monomer under the same condition,'® supporting the idea
of the decrease in the diffusion-controlled bimolecular
termination constant (k) and/or the increase in the
propagation rate constant (k). Second, the effects of the
w-alkyl groups and the PEO chain lengths on the molec-
ular weights just paralleled those on the polymerization
rate. Third, the estimation by GPC of the molecular
weights of these highly branched polymers cannot be
justified so long as the conventional calibration is made
with the linear polymers, as already pointed out for
polystyrene macromonomers.!® In fact, the viscosity
measurements in benzene of the poly(macromonomers)s
from C,-PEQ-VB-n have revealed that they have a very
compact conformation, even to be approximated as a rigid
sphere for n = 103,20 so that GPC may severely under-
estimate their molecular weights.

Micelle Formation of Macromonomer Models in
Water. The light scattering method?! was applied to the
nonpolymerizable models for the macromonomers in order
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Table II1
Micelle Formation of Macromonomer Models in Water at 25 °C*
cme,
macromonomer model X107 mol/L My m (s2)l/2, m Vm, m? m/ Vg, m=3
C1-PEO-Bz-25 3.3 2.4 X 108 1.5 X 108 1., %107 4.5 X 10720 4.9 X 1022
C-PEO-Bz-45 3.0 1. X 108 5.0 X 102 1.7 X 1077 45X 10720 1.z X 1022
C+PEO-Bz-39 5.8 3.4 X 104 1o X 10 7.6 % 108 3.9 %1021 4.9 X% 102
tC4-PEO-Bz-32 70 3.0 X 104 1l X 10 1.3 X 1077 2., X 10720 9.0 X 10%
Cs-PEO-Bz-43 lg 1.0 X 105 4.7 X%x 10 6., X 108 2.0 X 10721 2.3 X 1022
Ci1s-PEO-Bz-35 lg 1.3 X 108 6.5 X 10 1.0 X 108 1.4 X 1023 4.9 X 10%4
C,-PEO-IB-25 T4 2.3 X 104 19X 10 2.5 X 1078 1.0 X 10722 1., X102
@ Subscript figures in the first decimal place indicate uncertainty of £0.1 to £0.3 in determining cmec, Mp, and (s2)1/2.
to confirm their micelle formation in water and to estimate (a) (b) (c)
the cmc, the micellar molecular weight (Mp), and the root- .
mean-square radius of gyration ((s2)!/2). Typically, Figure . N Ry
10 clearly proves the micelle formation in water but not WY T e SN
in benzene. In water, the scattering intensity or the Ray- R {8
leigh ratio at 90° (Rgo) increased with the concentration AV W L R M
above that to be identified as cmec, while in benzene . J'. Seeey “\;'

negligible scattering was observed, indicating the molec-
ular dissolution of the same polymer. A modified Zimm-
Berry plot?2 was constructed for the aqueous solution
according to the equation

K(c—co))1/2_( 1 )1/2[ 1(41rn0)2 2 . 2 (B
(—__Eg_ = M_m 1+-6'>\—0 {s“) sin (2)+

AM, (c—cp) + ] (5)

where

4‘n'2n02 dn\2
- N (dc)
with Mpy, the weight-average micellar weight, ¢ the con-
centration, ¢g the cmc, A, the second virial coefficient, ng
the refractive index of the solvent, dn/dc the refractive
index increment of the solution, Ao the wavelength of the
incident light, 8 the scattering angle of observation, and
N Avogadro’s number. The concentration term, ¢ - cg, in
place of ¢ in the conventional treatment comes from the
fact that the macromonomer model here shows no Ray-
leigh ratio below cmc, indicating that we are observing the
scattering only from the micelles. Figure 11 shows an
example of the modified Zimm-Berryplot. The estimated
values of ecme, My, and (s2)!/2 are summarized in Table
ITI, together with the average number of aggregated
monomers in each micelle, m = M,,/M where M is the
molecular weight of the macromonomer model, the average
volume of the micelle, Vi, = 47(5(s?)/3)3/2/3, assuming
a sphere, and their ratio, m/Vy. Although the measure-
ments were made at 25 °C,? with the nonpolymerizable
models for the macromonomers, they should give useful
insight for the micellar polymerization.

Among the parameters obtained, theratio m/ V, appears
to parallel closely with the polymerizability of the cor-
responding macromonomers. Since m/V, means the
average number of the molecules per unit volume of the
micelle, it can be a measure of relative density of the
molecules in the micelle, corresponding to that of the
double bonds and/ or of w-alkyl groups of the macromono-
mers. Considering the constitution of the macromono-
mers (1 and 2) and their models (3 and 4), w-alkyl groups
except for methyl (C;) and the a-polymerizing and their
nonpolymerizing model groups are clearly hydrophobic
so that they will be sure to construct the core of the mi-
celle, while the hydrophilic PEO chains will coil around
the core to make the shell. Therefore, it is reasonable to
speculate the micelle structure of the macromonomers as

(6)

® : Hydrophobic polymerizable group
== : Hydrophobic w-alkyl group
---- <+ Hydrophilic PEQ chain
Figure 12. Schematic models of micelles of macromonomers
with w-alkyl groups: (a) Cy; (b) C4, tCy, and possibly Cg; () Cya.

given schematically in Figure 12.24 Thus, C;-PEO-VB or
-MA, composed of the hydrophilic C;-PEQ segment and
the hydrophobic VB or MA, will organize into a simple
micelle as in (a), where the PEO chains will extend fully
to allow a relatively compact arrangement of the hydro-
phobic a-terminals. On the other hand, the other mac-
romonomers carrying hydrophobic groups at both ends of
the hydrophilic PEO chains will organize into a micelle of
smaller size because the PEO chains will be forced to
assume looplike conformations as in the models (b) for R
= C4 or tC4 and (c) for R = C;3. R = Cg may stand
intermediate between (b) and (c). Model (c) was presented
as such because of the highly hydrophobic nature of the
long alkyl groups, which will align themselves very
compactly in the core with the other, less hydrophobic
p-vinylbenzyl groups residing at the interphase to the
surrounding hydrophilic shell composed of PEO chains.

These models, even if only schematic,2* appear reason-
able to account for the observed parallel trends in the
polymerizability (R;) and the molecular packing density
in the micelle (m/Vy,). Among the macromonomers
investigated, C;s-PEQ-VB polymerized the most rapidly,
probably as a result of the most closed packing or
orientation of the double bonds as in the model (¢). C;-
PEO-VB polymerized moderately rapidly with the double
bonds concentrated in the micelle core as in the model (a).
It is reasonable that the moderately short PEO chain is
more favorable for organization into the micelle and
therefore also for polymerization as observed, because too
long PEO will make the macromonomer too hydrophilic
for organization of the a-terminal double bonds. The mac-
romonomers with w-alkyl groups of Cy, tC,, or probably
also Cg polymerized most slowly probably because of loose
packing of their double bonds together with the w-alkyl
groups as in the model (b). .

In any case, the high polymerizability of these am-
phiphilic PEO macromonomers in water appears to be
closely related to their organization into the micelle. This
organization will clearly favor the propagation reaction
(increase in kp) and hinder the bimolecular termination
(decrease in k.).25 Which factor is determining can be
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answered with difficulty at present. It appears reasonable,
however, to say that both factors are responsible for the
observed effects of the w-alkyl groups and the PEO chain
lengths on the micellar polymerization, since they are not
very significant in benzene in which k¢ must be clearly a
determining factor in changing the polymerizability.

Finally, it will be interesting to note that the degree of
polymerization of the poly(macromonomer) obtained in
Table ITis 1 or more orders of magnitude higher than the
degree of aggregation (m) in the micelle of the correspond-
ing macromonomer model in Table III. This result
suggests that the micellar polymerization involves the in-
termicellar propagation and/or termination or the reor-
ganization of the micelle during polymerization. However,
the light scattering measurements were made at 25 °C
with the macromonomer models without double bonds
and at concentrations more dilute as compared to those
in polymerization. Micelles of much larger size may grow
at higher temperature and concentration.?3.26

Conclusion

Amphiphilic PEO macromonomers were found to po-
lymerize in water with an unusually high rate that has not
been observed for a solution polymerization of a conven-
tional monomer or macromonomer. The effects of the
w-alkyl groups and the PEO chain lengths on their po-
lymerizability, coupled with the laser light scattering study
of their nonpolymerizable models, revealed the organi-
zation of these macromonomers into the micelles as the
most important factor. The very rapid organized polym-
erization will be promising for a variety of potential
applications based on the fixation of the amphiphilic
(hydrophobic-hydrophilic) microdomains.
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