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Figure 3.6: 

ESEM images of a) ElBBr; b) c) d) El­
PMMAPMDETA-Br, and; e) El-PMMAPMDETA+Et2-Bris-Br (scale bars are 4 J.Lm). 
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The internal morphology of these microspheres is also quite different from the 

interior of the E 1-PMA-Br microspheres, where concentric onion-type morphology was 

observed (Figure 3. 7). The core is visible, and even demonstrates knife cutting features 

as was seen with ElBBr. The internal morphology of these microspheres as observed by 

TEM corresponds to the ESEM images of their surfaces. 

The cross-sections of El-PMMAdNbipy-Br (Figure 3.7a) reveal lace-like coronas 

around defined cores. The coronas correspond to the smooth undulations seen for these 

particles by ESEM, and indicate macroporous layer likely formed by partial collapse of a 

solvent-swollen shell during drying. The corresponding El-PMMAdNbipy+Et-2-BriB-Br 

particles (Figure 3. 7b) reveal a dense core surrounded by a homogenous and apparently 

dense shell containing grafted PMMA. The outer, cracked surface seen by ESEM 

appears in the TEM image as a thin cracked shell showing good contrast to both the 

major PMMA graft layer beneath it, and the aliphatic epoxy resin of the matrix. This 

layer likely constitutes mainly linear PMMA, likely penetrated by liquid resin 

components. There may well have been a chemical reaction between the active end 

groups carrying bromoisobutyrate, and the amine component of the resin, leading to 

covalent linkage between resin and particles (Scheme 2.5). 

In the TEM images the core appears to be 500-700 nm in diameter. This is 

smaller than the "core" identified in the initiator particle (Figure 3.1 ), indicating partial 

grafting-induced swelling of the initiator cores. 
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Figure 3.7: 

TEM of a) El-PMMAdNbipy-Br; b) El-PMMAdNbipy + Et-2-Bris-Br; c) El-PMMAPMDETA-Br; 
and; d) El-PMMAPMDETA+Et-2-BriB-Br (scale bars are 500 nrn). 
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3.3.3.1 Soluble Polymer Prepared During Grafting 

MMA was also converted to soluble polymer in the grafting process. This soluble 

polymer was isolated from the washings of the grafted particles, and the properties of the 

polymers are shown below in Table 3.6 

Table 3.6: 

Table of soluble PMMA extracted from washings of E 1-PMMA-Br prepared with either 
CuBr/dNbipy or CuBr/PMDET A without, and with free Et-2-BriB: 

Experimental Conditions Mn Mn PDI Conversion Total 
expected (glmol) to Soluble Conversion 
(glmol) Polymer to Polymer 

(%) (o/o) 
PMMAdNbipy 9 700 10 100 1.13 95 95 

E 1-PMMAdNbipy-Br - 68 800 1.75 4 76 
E 1-PMMAdNbipy+Et-2-BriB-Br 8 300 7 400 1.20 81 90 

PMMAPMDETA 10 100 10 200 1.15 99 99 
El-PMMAPMDETA-Br - 17 000 2.41 3 86 

£1-PMMAPMDETA+Et-2-BriB- 5 600 11 400 1.39 54 87 
Br 

In the absence of free initiator, a small amount of high Mn, polydisperse PMMA is 

formed. There is a significant narrowing of the PDI of this soluble polymer when free 

initiator is added, in addition to an increase in the conversion and a decrease in the Mn. 

The Mn is of 7 400 g/mol is quite close to that expected of 8 300 g/mol when grafting was 

carried out with dNbipy, and approximately twice as high when grafting with PMDETA 

where 11 400 g/mol was observed, and 5 600 g/mol was expected. The molecular weight 

evolution of the soluble polymer was followed by GPC, and the results are shown below 

in Figure 3.8. 
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Figure 3.8: 

Grafting MMA with CuBr/dNbipy: a) monomer conversion to soluble polymer (blue) 
and PDI (red) with time for El-PMMAdNbipy-Br without Et-2-BriB and; b) with Et-2-
BriB. Grafting MMA with CuBr/PMDET A: c) monomer conversion to soluble polymer 
(blue) and PDI (red) with time for El-PMMAPMDETA-Br without Et-2-BriB and; d) with 
Et-2-BriB. 

Mn is plotted as a function of time since the conversion to soluble polymer is less 

than 5 % at the end of the polymerisation, which is quite small, in the absence of free 

initiator. In the presence and in the absence of free initiator the Mn increases with time; 

whereas PDI increases in the absence of free initiator but decreases in the presence. 
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3.3.3.2 FT-IR Study ofEl-PMMA-Br 

In accordance with the 2200 %weight gain of E1-PMMAPMDETA-Br, the FT-IR 

shows significant grafting (Figure 3.9). The carbonyl (COOCH3) has shifted to 1731 em-

1, indicating the dilution of the bromoisobutyrate peak. It has also increased in intensity. 

The hydroxyl peak has also been further reduced, and the aromatic stretches 

corresponding to the DVB have disappeared into the baseline. The ratio of the hydroxyl 

stretch to the carbonyl stretch has been reduced compared to either the E1BBr particles. 
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Figure 3.9: 

FT-IR ofEl-PMMA-Br microspheres (in green), superimposed over ElBBr particles (in 
orange). 

3.3.3.3 CPMAS-NMR Study of PMMA Grafted Microspheres 

As was seen with the E1-PMA-Br microspheres, the CPMAS-NMR spectrum of 

the E1-PMMAPMDErA-Br (Figure 3.10) is dominated by the grafted PMMA, which 
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agrees with the weight gain of 2200 %. The following peaks are observed for the PMMA 

spectrum (C_OOCH3, OCH3, C(C_H3), and CH2C(CH3)). The carbonyl stretch for PMMA 

appears at 177.8 ppm, the methoxy appears at 51.7 ppm, the backbone methylene is 

found at 44.7 ppm, and the methyl group appears at 16.0 ppm. CH2£(COO)CH3 appears 

below the peak around 57 ppm. THF is also present in the spectrum. 
~H2C(CH3) 

175 1~0 1s ~0 :ls 

Figure 3.10: 

CPMAS-NMR ofEI-PMMA-Br microspheres. 

STXM confirms the grafting as represented by a large increase in the carbonyl 

compared to the aromatic signal. 
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3.3.4 Cleavage of PMMA Grafted Microspheres 

Base catalysed cleavage of the grafted PMMA was carried out using NaOMe for 

the reasons stated in section 2.4, resulting in DVB-co-MMA microspheres (Scheme 3.2). 

The cleaved PMMA was recovered nearly quantitatively, as were the particles, where a 

typical image of the particles is shown below (Figure 3.11). 

Figure 3.11: 

ESEM ofEI-PMMA-Brc1eaved (scale is 10 flill). 

The cleaved microspheres do not completely return to their original spherical 

shape, and there still appears to be a highly swollen gel layer on the surface despite 

numerous washings which would remove any soluble polymer. The results of cleaving 

the grafted PMMA are shown below (Table 3. 7). 
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Table 3.7: 

Results of graft cleavage: 

Experimental Grafted Cleaved Particles 
Conditions Particle Particle Recovered 

Size (Jim) Size (t!_m) (%) 
E1-PMMAcooinv-Br 4.4 ± 0.5 1.7 ± 0.2 94 

E 1-PMMAttminv+Et-2-sriB-Br 3.5 ± 0.4 1.6 ± 0.2 90 
E1-PMMAPMDETA-Br 4.5 ± 0.6 1.7 ± 0.2 93 

E1-PMMAPMDETA+Et-2-sriB-Br 4.3 ± 0.5 1.6± 0.2 90 

PMMA 
Recovered 

(o/o) 
91 
94 
95 
93 

The cleaved PMMA cleaved, was analysed by GPC (Table 3.8), for Mn and PDI; 

the results of the soluble polymers isolated from grafting are also shown for comparison. 

Table 3.8: 

Results of cleaved polymer from El-PMMA-Brcleaved: 

Experiment Soluble PMMA Cleaved PMMA 
al Mnth Mn PDI Mnth of Mn PDI PMMA 

Conditions (glmol) (glmol) graft (glmol) Recovered 
(wmol) (%) 

PMMAttminv 9 700 10 100 1.13 - - - -
E1- - 68 800 1.75 7400 60400 1.90 91 

PMMAtoo,ipy 
-Br 
E1- 8 300 7400 1.20 1100 4600 1.30 94 

PMMAtoo,ipy 
+Et-2-BriB-Br 

PMMAPMDE 9 700 10200 1.15 - - - -
TA 

E1- - 17000 2.41 8 500 22 300 1.98 95 
PMMAPMDE 

TA-Br 
E1- 5 600 11400 1.39 3 500 13 800 1.21 93 

PMMAPMDE 
TA+Et-2-BriB-Br 

The cleaved PMMA has an Mn higher than that expected for the grafted polymer, 

and the cleaved PMMA in the absence of sacrificial initiator is similar in PDI and Mn to 
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what was found ofthe soluble polymer. Thus, the assumption that the Mn, and PDI of the 

soluble polymer is close to that of the grafted polymer can be made for PMMA grafting 

from the present particles even in the absence of free initiator. The cleaved PMMA 

hence has higher molecular weight than those found for the E1-PMA-Brcleaved· 

FT -IR and CPMAS of the cleaved particles confirms that the grafted polymer was 

indeed almost quantitatively cleaved. 

3.3.4 Homopolymerisation of PMMA in the presence of El microspheres 

The solution homopolymerisation of MMA with Et-2-BriB in the presence of E1 

particles was carried out in order to study the effect of a gel environment on the ATRP of 

MMA. The results are tabulated below along with results for the solution 

polymerisations in the absence of particles (Table 3.9). 

Table 3.9: 

Results of homopolymerisation of MMA in the presence and absence of El 
microspheres: 

Experiment Monomer Conversion (%) Mn_{g/mol) PDI 
PMMAdNbiov 95 10100 1.13 

PMMAPMDETA 99 10 200 1.15 
PM~biov+EI 76 12 400 1.35 

PMMAPMDETA+EI 75 16 700 1.69 

Monomer conversion of MMA decreases in the presence of E 1 particles, but Mn 

and PDI increase. At low monomer conversion and high Mn indicate loss of control, 

which is confirmed by the increased PDI. This lack of control may be due to the 
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hydroxyl groups of the HEMA which may chelate the Cu11 species, leading to decreased 

deactivation. In fact, PDI is much higher when PMDETA was employed, and it is the 

more active ligand of the two, thus it appears as though the decreased Cu11 concentration 

affects the equilibrium involving PMDET A more so than it does the dNbipy equilibrium. 

3.4 Conclusions 

Functionalisation of DVB80-co-HEMA particles to form ATRP butyrate initiator 

particles has been carried out successfully. Homopolymerisation of neat MMA using 

either CuBr/dNbipy or CuBr/PMDETA, as catalyst, initiated by ethyl2-bromoisobutyrate 

was shown to be a controlled/living system. The conditions used for the 

homopolymerisation were applied to grafting MMA from butyrate initiator particles, and 

the resulting microspheres showed interesting morphologies. Addition of free initiator, 

ethyl 2-bromoisobutyrate, to the grafting procedures gave improved control, though as in 

the case of MA grafting shown in Chapter 2, at the expense of decreased grafting and 

increased soluble polymer. Particle size increase was very rapid at first in the absence of 

free initiator (dNbipy), and then leveled off towards the end of the grafting procedure; 

alternatively, when free initiator was added, the size increases at a lower rate but 

throughout the polymerisation, indicating lower incidence of termination. Added initiator 

to the grafting process also resulted in narrowing of the PDI of both the soluble and 

grafted polymer. 
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Base catalysed transesterification of the grafted microspheres released the grafted 

PMMA, which was found to be slightly higher in Mn than the soluble polymer, but 

similar in PDI. Cleavage of the grafted microspheres yielded cleaved DVB-co-MMA 

particles nearly quantitatively according to the weight loss; however. The grafted 

PMMA had a Mn and PDI very similar to the soluble polymer, which is a similar finding 

to that found in literature. This confirms that grafting from within lightly cross-linked 

gels can still be carried out with good control over Mn and PDI. 
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4.0 Conclusions 

4.1 Thesis Summary 

Monodisperse precursor swellable DVB80-co-HEMA particles were prepared by 

precipitation polymerisation using 3 % monomer loading in a mixture of MEK and 

heptane. This system is quite robust between 2-4% monomer loading, and 40 to 90% 

MEK, resulting in an average particle diameter of 1.6 J.Ull. These microspheres exhibit 

core shell morphology, and a gradient of accessible HEMA. 

Functionalisation of HEMA to form two types of ATRP initiator particles, 

propionate initiator particles, and isobutyrate initiator particles was successful, with 80 % 

esterification. These microspheres showed core shell morphology, which indicates a 

gradient of initiator density within the microspheres. Particle size increased to 1.8 J.tm for 

the propionate initiator particles, and 1. 7 J.Ull for the isobutyrate initiator particles. 

Solution homopolymerisations of methyl acrylate and methyl methacrylate using 

either catalyst system of CuBr/d.Nbipy or CuBr/PMDETA initiated by either Et-2-BrP at 

70 °C or Et-2-BriB at 90 °C, in bulk showed living kinetics. 

For MA homopolymerisation using dNbipy conversion reached 79 % after 9 

hours with a final Mn of 9 400 g/mol and a PDI of 1.06, where the expected Mn was 7000 

g/mol; employing the PMDETA ligand, the final conversion of MA was 84 %after 9 

hours, and the Mn was 10 500 g/mol and the PDI 1.07 with an expected Mn of 7 400 

g/mol. 
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These solution conditions were then applied to the grafting procedures. Grafting 

MA and MMA from their respective initiator particles resulted in large weight gains, as 

well as particle size increases; the morphology of the grafted microspheres was studied 

using electron microscopy (ESEM and TEM) and x-ray microspectroscopy. 

MA grafted microspheres showed high diameter size increases from 1.8 J.Lm to 4.0 

J.1ffi with dNbipy and to 3.0 J.1ffi for PMDETA. Particle size and soluble polymer 

formation increased with time. Addition of equimolar sacrificial initiator, Et-2-BrP 

resulted in particle size increases to 4.3 J.1ffi and 3.2 J.Lffi, and more controlled soluble 

polymer (Mn of 3200 g/mol and a PDI of 1.08 with the dNbipy catalyst, and Mn of 5000 

g/mol and PDI of 1.11 with the PMDETA) in terms of expected Mn and PDI. Although 

the PDI of the soluble polymer with free initiator is close to that of the model 

polymerisations, the Mn and conversion are lower. 

90-95 % of the grafted PMA was cleaved and studied using GPC. Grafting 

carried out with dNbipy yielded cleaved polymer of Mn 7000 g/mol and PDI 1.14, which 

is roughly one third of the soluble polymer, but it was more narrow disperse, and when 

free initiator was added, the Mn was found to be 5 800 g/mol with a PDI of 1.03 which is 

approximately twice the Mn of the soluble polymer prepared. Using the PMDETA 

catalytic system, the Mn was 7 500 g/mol and the PDI was 1.21 which is slightly lower in 

Mn than the soluble polymer but similar in PDI, and this became 1 800 g/mol with a PDI 

of 1.13 with "sacrificial" initiator, which is a lower Mn than the soluble polymer. 

It was found that the Mn and PDI of the soluble polymer were higher than what 

was determined after cleavage, and that the assumption that the Mn of the soluble 

118 



M.Sc. Thesis-Erica I Robinson 
McMaster -Chemistry 
Chapter Four: Conclusions and Future Work 

polymer is similar to that of the grafted polymer did not apply for grafting MA from 

swellable DVB80-co-HEMA microspheres. 

Homopolymerisation of neat MMA using either CuBr/dNbipy or 

CuBr/PMDETA, as catalyst, initiated by ethyl 2-bromoisobutyrate (Et-2-BriB) was 

shown to be a controlled/living system. Using dNbipy PMMA conversion was 95 % with 

Mn of 10 100 g/mol and PDI of 1.13 and with PMDETA conversion was 99% and the 

Mn was 10 200 g/mol and the PDI was 1.15. 

The conditions used for the homopolymerisation were applied to grafting MMA 

from isobutyrate initiator particles, and the resulting microspheres showed interesting 

morphologies. The resulting microspheres had particle sizes of 4.4 J.U11 (dNbipy) and 4.5 

J..lm (PMDETA). Addition of free initiator, Et-2-BriB, to the grafting procedures 

improved control, though as in the case of MA grafting, at the expense of decreased 

grafting and increased soluble polymer. The effect of addition of Et-2-BriB on the 

microsphere formation (diameter of3.5 J.U11 when the dNbipy ligand was used and 4.3 J..lm 

for the PMDETA ligand) resulted in a decrease in the diameter of the microspheres. As 

expected, the conversion of monomer to soluble polymer increased with the addition of 

free initiator, and the control also increased: Mn of 7 400 g/mol with a PDI of 1.25 for the 

dNbipy ligand, and a Mn of 11 400 g/mol and PDI 1.39 for the PMDETA ligand 

Particle size increase was rapid at first in the absence of free initiator (dNbipy), 

and then leveled off towards the end of the grafting procedure; alternatively, when free 

initiator was added, the size increased at a slower rate but throughout the polymerisation, 

119 



M.Sc. Thesis-Erica I Robinson 
McMaster -Chemistry 
Chapter Four: Conclusions and Future Work 

indicating a lower incidence of termination. Added initiator to the grafting process also 

resulted in narrowing of the PDI of both soluble and grafted polymer. 

Cleavage of the grafted microspheres yielded cleaved DVB-co-MMA particles 

nearly quantitatively according to particle weight loss, and recovered polymer. The 

grafted PMMA had a Mn and PDI very similar to the soluble polymer, which is a 

consistent finding to that found in literature. Mn of 60 400 g/mol and PDI of 1.90 with 

the dNbipy ligand were improved to Mn of 21 100 glmol and PDI of 1.20 when free 

initiator was added. Similarly, the Mn of 22 300 g/mol and PDI of 1.98 obtained from 

cleavage of the PMA grafted microspheres with PMDETA, improved upon the addition 

of free Et-2-BriB to an Mn of 22 700 g/mol with a PDI of 1.29. This confirms that 

grafting from within lightly cross-linked gels can still be carried out with good control 

over Mn and PDI. 

4.2 Future Work 

In order to determine whether the gel effect indeed decreases control of the 

homopolymerisation of MA and MMA, acetate functionalised DVB80-co-HEMA 

particles should be prepared for these control experiments. 

Cleavage might be improved by changing the cleavable linker to an easily 

chemically cleavable site, such as silicon, or using a thermally labile, or photosensitive 

linker. Incorporation of the arenesulfonyl initiator group attached via silicon might be 

considered. 
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A second generation of swellable microspheres could be prepared by suspension 

polymerisation of HEMA, and (ethylene glycol)dimethacrylate could be prepared in 

order to graft from. This would eliminate any effects of the HEMA, and derivatised 

HEMA gradient. 

More applicable areas may be explored, such as the grafting DMAEMA (as was 

previously done) for possible bio-separation. Otherwise, these substrates could be more 

fully explored as resins for catalysis. 
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