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A poly(a-methylstyrene-b-methyl methacrylate) with styryl groups on the poly(methyl methacrylate) 
(PMMA) sequence was prepared and dissolved in a mixed solvent, benzene/cyclohexane (30/70 v/v), to 
make micelles with a PMMA core. The dissociation time of a polymer chain from a polymer micelle was 
determined as 46.3 min from viscometric measurements by the concentration jump method. The PMMA 
core of the polymer micelles was crosslinked via the styryl groups with a radical initiator (2,2'-azobis(4- 
methoxy-2,4-dimethylvaleronitrile), V-70) or a redox initiator (dimethylaniline plus benzoyl peroxide) at 
40°C. With the redox initiator, 96% of the crosslinking groups reacted after 46.3 min and monodisperse 
microgels were obtained. With V-70, 2% of the crosslinking groups reacted after 46.3 min and inter-miceile 
crosslinking was not prevented. 
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I N T R O D U C T I O N  

It is well known that an AB diblock copolymer forms 
polymer micelles in a so-called selective solvent that is a 
good solvent for one sequence and a non-solvent for the 
other sequence. When the core part is crosslinked, 
polymer microspheres with crosslinked core and soluble 
corona can be obtained. 

Based on this supposition, we have investigated the 
synthesis of core-corona microgels in selective solvents1-5. 
On crosslinking of the poly(allylamine) core of poly- 
(allylamine-g-vinyl acetate) with 1,3-dibromopentan- 
2-ol in an acetone/water system ~, polymer rnicrospheres 
with a poly(allylamine) core and poly(vinyl acetate) 
corona were obtained. However, it was difficult to control 
the size of the microspheres by changing the crosslinking 
conditions, because the crosslinking was very slow. 

For the poly (c~-methylstyrene-b-methyl methacrylate) 
(P(MeSt-b-MMA))  system z-5, miceUe formation of 
P(MeSt-b-MMA) with PMMA core and PMeSt shell in 
a benzene/cyclohexane mixture, which was a good 
solvent for PMeSt and a non-solvent for PMMA, was 
confirmed. Styryl groups were introduced on the PMMA 
sequences of the P(MeSt-b-MMA) by a Grignard 
reaction. The PMMA core containing styryl groups was 
formed with P(MeSt-b-MMA) with styryl groups in 
benzene/cyclohexane mixture, and microgels with cross- 
linked PMMA core and PMeSt corona were synthesized 
by the radical reaction of the styryl groups in the PMMA 
core with a radical initiator. 

In those studies 2-4, it was concluded that the reaction 
rate of intra-micelle crosslinking and the lifetime of the 
polymer micelle were important for the crosslinking of 
the polymer micelle. When intra-micelle crosslinking 
occurred before the break-up of the micelle, a microgel 
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with a core-corona  morphology could be synthesized. 
Therefore, in order to synthesize the core-corona  type 
microgel, the lifetime of the micelle must be increased, 
when the reaction rate of intra-micelle crosslinking is 
constant. Based on this consideration, the polymer 
micelle with long lifetime was crosslinked, and it was 
possible to control the size of the microgel by changing 
the temperature and the polymer concentration. 

From these considerations, it was also suggested that 
macrogelation would be hindered by the rapid cross- 
linking reaction, even though the lifetime of the polymer 
micelle was constant. The purpose of this study is to 
synthesize core-corona  type microgels by protection of 
inter-micelle crosslinking on increasing the reaction rate. 

As in the previous studies 2-5, the well defined P(MeSt-  
b-MMA) diblock copolymer No. 6 (M,  = 6.3 x 104, 
MeSt = 68 mol%, 10mol% styryl groups in PMMA 
chain) and a 30 /70v /v  benzene/cyclohexane mixture 
were chosen as the block copolymer and the selective 
solvent, respectively. The radical initiator, 2,2'-azobis- 
(4-methoxy-2,4-dimethylvaleronitrile) (V-70), and the 
redox initiator, dimethylaniline plus benzoyl peroxide 
(DMA + BPO),  were used for normal crosslinking and 
rapid crosslinking, respectively. The diameters of the 
crosslinked polymer micelles were measured in solution 
and in the solid state with a submicrometre particle size 
analyser and a transmission electron microscope (TEM),  
respectively. 

EXPERIMENTAL 

Crosslinking of the polymer micelle 
The crosslinking of the polymer micelles of the block 

copolymer No. 6 was carried out at 40°C as in the 



Crosslinking of the core of block copolymer micelles: R. Saito et al. 

Table 1 The crosslinking conditions of the poly(~-methylstyrene-b- 
methyl methacrylate) micelles 

Polymer Initiator 
concn. Temperature 
(wt%)  (°C) TypC [ I ]  (mol l  - l  ) 

1 1.0 40.0 V-70 3.24 × 10 -3 
2 1.0 40.0 DM A + BPO 3.24 x 10 -3 

"V-70: 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile); DM A + BPO: 
dimethylaniline + benzoyl peroxide 

previous paper 2. The crosslinking conditions of the 
polymer micelles are listed in Table 1. 

Sampling was carried out at regular intervals of 0.5 h. 
For each sampled solution, the diameter of the microgel 
was measured in solution and in the solid state with 
a submicrometre particle size analyser and a TEM, 
respectively. 

Measurement o f  the diameter o f  the product 
in the solid state 

The preparation of the sample for TEM observation 
was carried out as in the previous paper 2. The PMeSt 
sequences were stained with RuO 4. The sample was 
observed with a TEM (Hitachi, H-600) at 75 kV. 

Measurement o f  the diameter o f  the products in solution 

First, 0.3 ml of the sample solution was diluted with 
the solvent to 30 ml. The diluted sample solution was 
then filtered through a Teflon membrane (pore size 
3000nm) to remove dust. The particle diameter was 
measured with a submicrometre particle size analyser 
(Courier Electrics Inc., Sub-micron Particle Analyzer 
Model N4) at 40°C. 

Measurement o f  the styryl 9roup concentration 
in the microgel 

Styryl groups remaining in the crosslinked microgels 
were determined by using a gel permeation chromatog- 
raph (Tosoh, 801A type instrument; column GM-6, 
solvent tetrahydrofuran (THF), 38°C, flow rate 1.0 ml 
min -1) equipped with both refractive index (r.i.) and 
ultra-violet (u.v., 292 nm ) detectors (Tosoh, UV-8 model 
II spectrophotometer), p-methylstyrene being the standard 
material 6. 

RESULTS AND DISCUSSION 

The characteristics o f  the polymer micelles 

Figure 1 shows the size of the polymer micelles of the 
block copolymer No. 6 measured in the mixed solvent 
at 40°C. No polymer micelles were observed at a polymer 
concentration of 0.001%, and monodispersed polymer 
micelles with number-average radius of 32 nm were 
observed at a polymer concentration of 1%. It was 
expected that polymer micelles with PMMA core and 
PMeSt corona were formed at a polymer concentration 
of 1 wt%. 

Next, the kinetic behaviour of the polymer micelles 
was investigated. It is well known that block copolymer 
micelles break up and the block copolymer chains 
aggregate again in solution. As described in the 'Intro- 
duction', the lifetime of the polymer micelles was one of 
the most important factors for the crosslinking of the 

polymer micelles, because the break-up of the polymer 
micelles during crosslinking results in inter-micelle cross- 
linking (macrogelation). 

The equilibrium of micelle formation is given by the 
following equations 7-9" 

k F k + 

( s + l ) A  ~- A s + A  ~ As+ 1 (1) 
k D k -  

where A is a block copolymer chain, A s is a polymer 
micelle with an aggregation number s, k F and k + are the 
aggregation rate constants, and k o and k_ are the 
dissociation rate constants. When the polymer concen- 
tration is changed suddenly, the polymer micelle system 
reaches a new equilibrium very fast. The relation between 
k+, k_ and the relaxation time r of the solution after 
rapid dilution are given as follows 1° 12: 

r -1 = k+c - k_ (2) 

where c is the concentration of the block copolymer 
chain. The r values were found by viscometric measure- 
ments and are listed in Table 2; k + and k_ are calculated 

Table 2 The relaxation time z of the solution viscosity after rapid 
dilution a 

Polymer concn, z-  ~ × 104 
(wt%) ( s -  ~ ) 

8.0 0.33 
4.0 1.11 
2.0 9.14 
1.0 3.19 

"Solvent : 30/70 benzene/cyclohexane (v/v)  ; temperature : 40.0°C 
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Figure 1 The diameter of block copolymer No. 6 micelles in the 
solvent 30/70 benzene/cyclohexane (v/v)  at 40°C: ( . . . .  ) polymer 
concentration 0.001 wt% ; ( ) polymer concentration 1.0 wt% 
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from equation (2) as k+ =4.08  x 10-4wt% -1 s - l =  
4.57 x 10-31mo1-1 s -1 and k_ = 3.6 x 10-4s  -1. The 
dissociation time of a block copolymer chain from a 
polymer micelle was calculated from the k_ value as 
46.3 min in this micelle system. 

The critical micelle concentration (CMC) was 
0.88 wt%, as CMC = k_/k+ (ref. 13). Above the CMC, 
the distribution of aggregation number of the block 
copolymers in a micelle increases with increase of the 
polymer concentration ~4'15. In order to neglect the 
polymer concentration effect, the polymer concentration 
was set at 1 wt%, which was slightly larger than the 
CMC. 

Figure 2 TEM micrographs ofmicrogels showing PMeSt stained with 
RuO4: (a)crosslinked with V-70; (b) crosslinked with BPO + DMA 

Saito et al. 

Crosslinking of the polymer micelle 
The characterized polymer micelles were crosslinked 

with V-70 and DMA + BPO initiators at 40°C. The 
crosslinking conditions are listed in Table 1. 

Figures 2a and 2b are TEM micrographs of microgels 
crosslinked for 2.5 h with V-70 and BPO + DMA, 
respectively. The dark parts in the micrographs are 
segregated PMeSt chains selectively stained with RuO4. 
In both micrographs, spherical microgels with PMMA 
core and PMeSt corona are observed on the carbon 
substrate. In Figures 3a and 3b, the diameter distributions 
of the microgels crosslinked with V-70 and BPO + DMA 
are shown, respectively. The microgel synthesized with 
BPO + DMA had a narrow distribution. In contrast, the 
distribution was very wide for the microgel synthesized 
with V-70. 

For the microgel crosslinked with V-70, the diameter 
of the microgel was measured in solution and in the solid 
state (Figure 4). The diameter of the microgel in solution 
(D~js) was constant for 1.5 h. No macrogel was observed 
with the TEM until 1 h. This indicates that the crosslinking 
of the PMMA core was insufficient to keep the structure 
of the polymer micelles. 

After 1 h, the presence of the microgel was confirmed 
with the TEM. The polymer micelles were crosslinked 
and did not break up during preparation for the TEM 
sample. The important thing is that the minimum time 
to obtain the microgel (1 h) was longer than the 
dissociation time of the block copolymer chain from a 
polymer micelle (46.3 min ), because the polymer micelle 
can break up and the chains aggregate again before the 
crosslinking in such a system. In fact, after 1.5 h, the 
microgel solution could not be analysed with the 
submicrometre particle analyser; the diameter of the 
microgel in the solid s t a t e  (Dtcm) and the distribution of 
Dtem increased drastically with reaction time; and 
inter-micelle crosslinking could not be hindered in this 
system. 

For the microgel crosslinked with BPO + DMA, the 
diameter of the microgel was measured in solution and 
in the solid state (Figure 5). For 0.5 h, the Die m was 
observed (40 nm) and Dd~ s increased from 64 to 150 mm. 
This indicated that the microgel was present from the 
first stage of crosslinking. The Dtem increased from 40 to 
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Figure 3 The diameter distribution of microgels estimated from TEM results : (a) crosslinked 
with V-70; (b) crosslinked with BPO + DMA 
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Figure 4 The diameter of block copolymer No. 6 micelles crosslinked 
with V-70 in the 30/70 benzene/cyclohexane mixture: (A) detected 
with the submicrometre particle analyser in solution; (O) detected 
with TEM in the solid state 
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Figure 6 The molar fraction of the reacted styryl groups: (O) 
crosslinked with V-70; (O) crosslinked with DMA + BPO. The size 
of the circle and the number near the circle correspond to the diameter 
(nm) of the microgel determined with the TEM 
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Figure 5 The diameter of block copolymer No. 6 micelles crosslinked 
with DMA + BPO in the 30/70 benzene/cyclohexane mixture: (A) 
detected with the submicrometre particle analyser in solution; (O) 
detected with TEM in the solid state 

100 nm for 1 h. The Dte m and Ddl s did not  change after 
that, and therefore inter-micelle crosslinking was hindered 
after 1 h. 

F r o m  the results of Figures 4 and 5, it seemed that  
rapid crosslinking was effective for the crosslinking of 
the polymer  micelle and the prevention of inter-micelle 
crosslinking. 

In order  to investigate the crosslinking state of  the 
P M M A  core of  the microgel, the remaining styryl groups 
in the microgel were measured with the g.p.c, equipped 
with both  r.i. and u.v. (292 nm)  detectors. Figure 6 shows 
the molar  fraction of the reacted styryl groups of  the 
microgels crosslinked with V-70 and B P O  + D M A .  The 
size of  the circle corresponds to the Dte m of the microgels. 
The Dte m values are also shown near the circles in Figure 6. 

The crosslinking in this study was the radical reaction 
of the styryl groups in the P M M A  matrix. The rate 
constant  of  the initiation of V-70, k i, the propagat ion  
rate constant  of  the styryl group,  ko, and the termination 
rate constant  of  the styryl radical, ktr , used for the 

5 1 calculation are ki = 8.56 x 10-  s -  (ref. 16), kp = 89.8 
6 1 1 l m o l - l s  -1 (ref. 1 4 ) a n d  k t r = 4 4 . 2  × 10 l m o l -  s -  

(ref. 17), respectively. F r o m  these values, it is thought  
that crosslinking can occur effectively with coupling of  
the styryl radicals. Thus,  the crosslink density can be 
calculated from the reacted styryl groups. When the 
amoun t  of reacted styryl groups is k%,  the crosslink 
density is slightly lower than k × 0.1 mol%,  because the 
molar  fraction of  the styryl groups  per P M M A  chain 
was 10 mol%.  
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For the V-70 series, 4% styryl groups had reacted after 
1 h, and the crosslink density was less than 0.4%. In 
general, when the crosslink density is less than 1%, the 
polymer micelle can break up. For this system, it took 
more than 3.5 h for the crosslink density to reach 1%. 
It showed that the block copolymer micelle could break 
up and aggregate again until 3.5 h. It was impossible to 
hinder inter-micelle crosslinking in such a system. In fact, 
the increase of Dtern continued, and inter-micelle cross- 
linking could not be hindered. 

For the DMA + BPO series, 96% styryl groups had 
reacted after 0.5 h, and the crosslink density reached more 
than 9%. This indicated that crosslinking had finished 
before the dissociation time (46.3 min) of the block 
copolymer chain from the polymer micelle. After 1 h, no 
styryl groups remained for crosslinking, so that the 
diameter of the microgel was not changed. 

Consequently, it was concluded that hindrance of 
inter-micelle crosslinking succeeded with increase of the 
reaction rate, and monodisperse microspheres were 
synthesized. 

CONCLUSIONS 

For the crosslinking of the core part of the polymer 
micelle, it was suggested that inter-micelle crosslinking 
would be hindered by increasing the crosslinking rate, 
when the lifetime of the polymer micelle was constant. 

Based on this suggestion, the poly (methyl methacrylate) 
parts of the poly(~t-methylstyrene-b-methyl methacrylate) 
micelles in the 30/70 benzene/cyclohexane mixture were 
crosslinked with V-70 and DMA + BPO initiators with 
different crosslinking rate constants. 

Before crosslinking, the characteristics of the polymer 
micelles were investigated as follows: diameter of the 
polymer micelles was 64 nm, aggregation rate constant 
k+ =4.57 x 10-31mol- l s  -1, dissociation rate con- 
stant k_ = 3.6 x 10 -4 s- 1, critical micelle concentration 
CMC = 0.88 wt%, and dissociation time of the block 
copolymer chain from the polymer micelle was 46.3 min. 

After crosslinking, the diameters of the crosslinked 
products (the microgels) were measured in solution and 
in the solid state. The molar fraction of the reacted styryl 
groups was also measured with the g.p.c, equipped with 

R. Saito et al. 

both r.i. and u.v. (292 nm) detectors, and the crosslink 
density for each reaction time was calculated. 

For the V-70 series, it took a long time to reach high 
crosslink density. The crosslink density of the microgel 
was too small to prevent the break-up of the block 
copolymer micelle. In fact, inter-micelle crosslinking 
occurred. 

For the DMA + BPO series, before dissociation of 
the block copolymer chain from the polymer micelle 
(46.3 min), 96% of the styryl groups had reacted, and 
no styryl groups remained for inter-micelle crosslinking. 
Thus inter-micelle crosslinking was prevented totally. 

Consequently, it was possible to synthesize micro- 
spheres with a narrow size dispersion by protection of 
inter-micelle crosslinking on increasing the reaction rate, 
even though the lifetime of the polymer micelles was 
constant. 
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