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General Introduction

Preparation of polymer particles has been an important subject in polymer
chemistry.l-2 Dispersed polymer particles, so called “latex”, have been used as
row materials or intermediates of industrial products.3 Polymer particles in the
latex lose spherical shapes during the industrial processes. Recently, fine particles
with spherical shape are getting new interests as functional materials used as being
spherical. Then, the term “microsphere” is introduced into the field of polymer
chemistry to be used.4 Microsphere is the name for the spherical polymer particle
with sizes of micrometer range. Applications of the microspheres have been
expanding in many fields such as packing materials of liquid chromatography,
spacers of liquid crystal display, laser elements, calibration standards, catalyst
supports, and toners for dry copies.4-7 Remarkable applications of the
microspheres are in the biological and medical fields as immuno-assays, cell
labeling, and drug carriers.8-12 In order to be used as functional materials,
particles have to satisfy many requirements on shape, size, size distribution, and
surface and inner functions.

The preparation methods for polymer particles have been investigated for
many years.!3-26 Emulsion- and dispersion-polymerizations are well-known as
the methods for the preparation of polymer particles. Basically, in the case of
emulsion polymerization, the monomers form liquid particles in water with a help
of surfactants and then turn to polymer particles.! In the case of dispersion-

polymerization, the monomers are dissolved in organic solvents, and the resulting



polymer are separated from the solvent phase to form the polymer phase with a
help of stabilizers.27 Although the added surfactant and stabilizer have an
important role in the particle formation, they sometime remain as contaminants to
be undesirable for the practical use. Many investigations have been employed to
reduce or not to use the additives in these methods. Much efforts have been made
on these methods to improve the productibility and the characteristics of the
products.28-30 A use of cross-linking agents as co-monomers has been developed
as another way for the preparation of microspheres.!3

A unique method has been reported which gives monodisperse microspheres
by the radiation-induced polymerization.31.32 Cross linking reagents are used as
monomers in this method. This method is classified into the dispersion
polymerization from the stand point of the use of organic solvents. It is
characteristic of this method that a mixture of a monomer and a solvent gives
monodisperse microspheres in the absence of any kind of additives. The
mechanism is considered to be different from those of the other methods
mentioned above, but the details of the formation mechanism have not yet been
known.

The present thesis deals with the development of the monodisperse
microspheres by the radiation-induced polymerization and the clarification of the
formation mechanism. Attention is focused on the selection of monomers and
solvents and effective conditions for the preparation of monodisperse
microspheres such as concentration, temperature, irradiation time, dose, and so
on., to reveal the formation mechanisum. This thesis consists of the following five
chapters.

In chapter 1, the mechanism of the monodisperse microspheres is described.
The generation of the nuclei and the change in the number of the microspheres
during the polymerization are investigated. The nuclei of the microspheres are

produced in the early stage of the polymerization, and inhibit the formation of



additional nuclei during their propagation. The monodisperse microspheres are
produced with the help of strong permeability of y rays.

In chapter 2, the solvent effects on the microsphere preparation are
described. The affinity between monomer and solvent and the forms of the
monomer molecules in the solutions are the important factors for the microsphere
formation.

In chapter 3, the growth mechanism of microspheres is described. The
number of the microspheres during the polymerization is strongly affected by the
monomer concentration. Two polymerization processes contributing to the
microsphere formation are introduced on the basis of a consideration of the
numbers of the microspheres. A mechanism including a cross linking reaction as
an important process is proposed.

In chapter 4, the preparation of the copolymer microspheres is described.
Copolymerization is expected to control the properties of the microspheres. Ethyl
methacrylate, maleic anhydride, styrene and acrylamide are used as comonomers.
The mechanism for the copolymerization giving microspheres is also discussed.

In chapter 5, the preparation of nonspherical polymer particles is described.
Ultrasonic vibration is applied during the radiation-induced polymerization to
affect the growth of the microspheres. Dependence of the shape of the particles on

the conditions applying the ultrasonic vibration is discussed.



Chapter 1

Preparation of Monodisperse Poly(diethylene glycol
dimethacrylate) Microspheres

1.1 Introduction

Much attention has been paid to the preparation of monodisperse
microspheres.!3-26 Barrett has reported that a rapid nucleation in the early stage
of polymerization is desired for the formation of monodisperse microspheres.>”
Thus, seed polymerization is used for the preparation of the monodisperse
microspheres, where core particles are prepared in the first step and the
microsphere grows without new nucleation in the second step.3! Radiation-
induced polymerization of diethylene glycol dimethacrylate has been reported to
give monodisperse microspheres in a single step.3132 Inspite of the easiness as a
preparation method, nothing is clear on the microsphere formation. The
characteristics of the preparation of poly(diethylene glycol dimethacrylate)

microspheres by the radiation-induced polymerization and the mechanism of the

monodisperse microspheres are described in this chapter.
1.2 Experimental

Materials. Ethylene glycol dimethacrylate (IEGDM), diethylene glycol
dimethacrylate (2EGDM), triethylene glycol dimethacrylate (3EGDM),
tetraethylene glycol dimethacrylate (4EGDM) and 2-ethyl-2-(hydroxymethyl)-
1,3-propanediol trimethacrylate ( TMPT, trimethylolpropane trimethacrylate ) ,
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Figure 1.2.  Radiation -induced polymerization by the 40Co source.
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supplied from Shin Nakamura Kagaku, were purified by passing through active
alumina. The structures of the monomers are shown in Fig. 1-1. NN’-
methylenebisacrylamide and organic solvents, purchased from Wako Pure
Chemical, were used without further purification otherwise noted.

Polymerization. Screening tests were curried out with 2 cm3 of 5 vol %
solutions deoxygenated by nitrogen bubbling. The samples were irradiated with
60Co y rays at room temperature without stirring (ca. 25 °C). The total dose was
around 2 kGy.

N,N’-methylenebisacrylamide ( 20 mg) dissolved in THF (2 cm3) were
degassed by nitrogen bubbling. The sample was irradiated with °Co y rays at
room temperature without stirring. The dose rate was 4 kGy h™! and the irradiation
time was 15 min . The particles were washed with THF, and then dried under
vacuum.

In a typical experiment, solutions of 2EGDM (10 vol %) in organic solvents



were degassed and sealed in 20 ml glass vessels. The degassing was carried out by
five-times freeze-melt repeatings. The samples were irradiated with ®°Co y rays
as shown in Fig. 1-2. The dose rate was 4kG h'l. Teflon filters of a 0.2 um pore
size (Advantest) were used for the separation of the microspheres from the
irradiated solutions. The microspheres were washed with the solvents and dried
under vacuum.

Measurements. The microspheres were photographed by using a scanning
electron micrograph (SEM) (JELO, JST-300) and transmitting electron
micrograph (TEM) (Hitachi, 600). The sizes of the microspheres were measured
from the SEM photographs by a degitizer (NEC MG-10) connected to a personal
computer (NEC 9801-RA). The diameters were calculated from three points on

the outer circles of the microspheres.
1.3 Results and Discussion

1.3.1 Screening Tests of 2EGDM Type Monomers

The radiation-induced polymerization of 2EGDM monomer gives
microspheres from various solvents. Since closs linking is considered to be
important for the microsphere formation of 2EGDM, the other 2EGDM type bi-
and tri-functional methacrylates were exmanined. The results of the screening
tests for the combination of various monomers and solvents are presented in Table
1.1. A tpical SEM photograph of poly-2EGDM microspheres is shown in Fig. 1.3.
The irradiation resulted in the formation of particles, aggregated particles, gel, and
soluble polymer depending on the conditions. The monomers except for 2EGDM
did not give fine particles. The polymer obtained from 3EGDM seemed not to be
fine particles but somewhat aggregated particles. The difference among 1IEGDM,
2EGDM, 3EGDM, and 4EGDM is the number of ethylene oxide units (-CoH40-)
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Figure 1.3.  Typical SEM photograph of poly-
2EGDM microspheres. 10 vol % of 2G with ethyl
acetate, 4 kGy h-1.

Figure 1.4.  TEM photograph of poly (N,N -

methylenebisacrylamide) fine particles.



between two methacrylate groups. This result suggests that the distance or the
three dimensional position of two vinyl groups in the solutions is an important
factor.

Esters gave good results, but alcohols and hydrocarbons gave poor results in
general. These suggest that the good solvents are suitable for the microsphere

preparation, since 2EGDM monomer is also a kind of esters.
1.3.2 Poly (N,N’-Methylenebisacrylamide) Fine Particles

The cross-linking reaction seems to cause the formation of the microspheres.
Therefore, it is expected that the monomers having two vinyl groups give
microspheres in suitable solvent. As described above, 2EGDM type monomers
(IEGDM, 3EGDM, and so on) did not give good result except 2EGDM. In order
to confirm that 2EGDM is the special monomer to give microspheres, divinyl
benzene is commonly used as clossl-inking reagent for the polymerization.
Samples of p-divinyl benzene in benzene, toluene and ethyl acetate solutions are
irradiated, but they did not give particles.

N,N’- methylenebisacrylamide is also commonly used as closs-linking
reagent. The solubility of N,N’- methylenebisacrylamide in various solvents is
tested, since good solvent is suitable for the preparation of microspheres. The
solvents are acetonitrile, ethyl acetate, methanol, n-propylamine, pyridine, THF,
triethylamine, and water. N,N’-methylenebisacrylamide is dissolved in methanol
and n-propylamine, but the irradiation of the solutions resulted in gel formation.
Fine particles were obtained only from the THF solution.

Figure 1.4 is the TEM photograph of the poly (N N’-
methylenebisacrylamide) particles obtained from THF solution. The shape of
particles is almost sphere but the surface is rather rough compared with the

2EGDM microspheres. The narrow size distribution suggests that the mechanism

10



is the same as the 2EGDM microsphere case. The measured size is 0.22 um. The
size of the particles is smaller than that of the 2EGDM microspheres. More
suitable solvent must be found for the effective preparation of poly (N,N’-
methylenebisacrylamide) fine particle. The formation of poly (N,N’-
methylenebisacrylamide) fine particles is another example for the preparation of

particle from cross-linking monomers.

133 Irradiation Time Dependence

Figures 1.5(a) and 1.5(b) show the SEM photographs of the microspheres
prepared in ethyl acetate. The microspheres both obtained at 15 min as Fig. 1.5(a)
and 2 h as Fig. 1.5(b) have a complete spherical shape. The diameter increases
with irradiation time. This means that the microspheres grow independently
during the polymerization.

Figure 1.6 shows the time-conversion curve for the microspheres. Figure
1.7 shows the irradiation time dependence of the size of the microspheres. The
monodisperse microspheres are obtained with the yields more than 80 %. The
size of the microspheres can be controlled by irradiation time as well as by
selecting solvents. The easiness of the termination of the polymerization must be
one of the advantages of the radiation-induced polymerization.

The number of the microspheres was calculated by assuming that the specific
gravity of the microspheres is the same as that of the polymer obtained by the
radiation- induced bulk polymerization of 2EGDM. The specific gravity of the
2EGDM polymer block was determined to be 1.24. Figure 1.8 shows the number
of the microspheres plotted against irradiation time. The number of the
microspheres is constant through the irradiation period. This agrees with the
expectation from the monodispersity of the microspheres. The number of the

microspheres becomes constant at the conversion below 10 % within the

11



(b)

Figure 1.5. SEM photographs of poly-2EGDM microspheres.
(a) 15 min, (b) 120 min. 4 kGy h-1. 10 vol % of 2EGDM

monomer in ethyl acetate.
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Figure 1.8.  Relationship between irradiation time and number of
microspheres. The number didn't change during the polymerization.
(@) 10 vol %, at room temperature, (O ) Svol % at 40 °C, with ethyl
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irradiation time of 5 min. The radicals produced after the irradiation time of 5 min
do not contribute to the formation of the nuclei of the microspheres. That is to say,
the formation of the nuclei is inhibited by the presence of the microspheres.

The number of the monomer units contained in a single polymer particle was
also calculated from the specific gravity and the size of the microspheres. Figure
1.9 shows the irradiation time dependence of the number of the monomer units in
a polymer particle. It gives a straight line of which slope is unity. The number of
monomer for the initial nuclei is estimated as 10* to 10° based on the distance of
carbon to carbon bond length and the space for the one microsphere. The

polymerization time for this number of monomer is 10 to 1s from Fig. 1.9. The

formation of the nuclei is completed in a very short period compared to the whole

14
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Figure 1.9.  Relationship between irradiation time and number of
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irradiation time.

The volume of the solution per polymer particle is 2.2 um?3 for the
polymerization in ethyl acetate. The rate of the formation of radicals for the
volume is 3 x 10° s7! at the dose rate of 4 kGy h! taking 11 as the G value of the
formation of radicals for ethyl acetate. 34 The rate of the radical formation is large
enough for each microsphere to grow under the same conditions. The average
time when the first radical appeared in the space for one microsphere is calculated
to be 3x10© s. This value has the same order as the value obtained from the
intercept of Fig. 1.9. Therefore, it is considered that the number of radicals which
contribute to the formation of a nucleus is very small, and that the formation of the

nuclei is finished within a very short period.

15



Figure 1.10. SEM  photograph of  poly-2EGDM
microspheres, prepared with stirring. Dose was 8 kGy, 10 vol
% of 2EGDM monomer in ethyl acetate.

Figure 1.11.  SEM photograph of microspheres prepared by photo
initiated reaction instead of y rays. 10 vol % of 2EGDM, at room

temperature.

16



134 Stirring and Photo-Initiation

Figure 1.10 shows the SEM photograph of the 2EGDM polymer particles
prepared with stirring during the irradiation. Aggregated particles were observed
in the products. It is considered that a contact of two microspheres was caused by
stirring, and that the propagating radicals on the surface of the microsphere joined
these aggregated microspheres. Therefore, it is essential to keep the solutions
stationary during the irradiation to avoid the contact of the propagating
microspheres in the radiation-induced polymerization. The homogeneous
initiation of the polymerization without stirring is one of the characteristics of the
radiation- induced polymerization, and this is a difference from the other methods
such as dispersion polymerization.

Figure 1.11 shows the SEM photograph of the microspheres obtained by the
irradiation with UV light. There are different sizes of microspheres in the SEM
photograph. The size distribution is not monodisperse. This can be attributed to
the light absorption and scattering caused by the polymer particles. The
monodispersion of the product is attained by the irradiation with y rays with a high
permeability capable of homogeneous initiation of the polymerization even in the

presence of the opaque polymer particles.
1.4 Conclusion

The combination of closs-linking monomer such as 2EGDM, good solvent
and radiation-induced polymerization is effective to obtain monodisperse
microsphere. The formation of nuclei of the microspheres is completed within a
very short period. Each microsphere grows independently. The number of
microspheres are constant during the polymerization after the nuclei formation

step. These are the reasons for giving monodisperse microspheres by this method.

17



Chapter 2

Solvent Effects

2.1 Introduction

The y rays enable the homogeneous initiation of polymerization because of
their strong transmission ability. The photo-initiation also gives microspheres, but
the size distribution is wide because of the heterogeneous initiation in the course
of the polymerization. Heating of the solutions gives homogeneous initiation,
when the solutions are stirred. The stirring causes the contacts between growing
particles and gives aggregated particles.

It is a characteristics of the present method that the simple mixtures
consisting of only monomer and solvents give monodisperse microspheres. Since
the polymerization is carried out in organic solvent, the method may be regarded
as a kind of the dispersion polymerization. But the mechanism is considered to be
completely different from the conventional dispersion polymerization, 27 because
the preparation of the microspheres can be carried out in the absence of stabilizers
and the polymer microspheres are obtained in good solvents. Many kinds of
solvents can be used for the preparation of microspheres. The good solvents seem
to make growing microspheres stable in the solution and to avoid the aggregation
of the microspheres. The poor solvents seem to help the phase separation, but the
low affinity of the surface of particles to the solvents causes the aggregation of the
particles. The details of the solvent effects on the formation of the microspheres

are described in this chapter.

18



2.2 Experimental

Hydroxy ethyl methacrylate (HEMA), purchased from Wako Pure
Chemicals, was used after distillation. Reagent grade solvents and carbon
tetrabromide, purchased from Wako Pure Chemicals, were used without further
purification. All other reagents used in this chapter are the same as those

described in chapter 1.

2.3 Results and Discussion

231 Microspheres Obtained in Various Solvents

The results of the radiation-induced polymerization of 2EGDM monomer in
various solvents are presented in Table 2.1 together with the viscosities and the
solubility parameters of the solvents. The solubility of the monomer in the
solvents increases with decreasing difference in their solubility parameters
between 2EGDM and the solvents.3> The solubility parameter of the 2EGDM
monomer was calculated to be 8.9 according to the literature.3436 The solvent of
which solubility parameter is close to 8.9 is considered to be a good solvent for
2EGDM monomer.

Monodisperse microspheres, polymeric gel, and soluble polymer are
produced depending on the solvents. It seems that the solubility parameters of the
solvents giving separate microspheres are relatively close to that of 2EGDM. 1t is
suggested that good solvents for the monomer are suitable for the formation of the
microspheres. Thus, it is considered that the good solvent makes growing

microspheres stable in the solution to avoid the aggregation of the microspheres.

19
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The formation of the microspheres is also affected by the viscosities of the
solvents. The microspheres are obtained in the solvents with relatively low
viscosities. This is probably due to the large mobility of the monomer and
oligomer molecules and the propagating radicals in the solvents. The size of the
microspheres varies with the solvents. It seems that the size increases with

decreasing viscosity.

2.3.2 Microspheres Obtained in Ester Solvents

Esters seem to be suitable solvents among the good solvents (Table 2.1). The
results of the microsphere formation in various esters are shown in Table 2.2. The
microspheres are obtained from esters listed above ethyl propionate. The esters in
the Table 2.2 can be classified into three groups according to their sizes, i.e., the
small, middle and large size esters.

The small esters, such as formates, are good to give the large microspheres,
but some aggregated particles are observed in the SEM photograph (Fig. 2.1).
There are some basins suggesting a contact with another particle. The soluble
polymer is a by-product of polymerization as described in chapter 3. The
percentage of the soluble polymer in the total recoverd polymer are higher for the
small esters than for the other esters. The small esters also give wide distribution
in size of microspheres (standard deviation divided by the average size). The
conditions for the high yields of the soluble polymer give also poor result in shape
and monodispersity.

The middle size esters, such as acetates and propionates gave the best results
among the esters. The size of the microspheres varies with the size of the solvent
molecules. The shape of the microspheres is a complete sphere as shown in Fig.
2.2. The losts in the microsphere formation due to the soluble polymer formation

are low and the size distributions are narrow. Especially, propyl acetate, butyl
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Figure 2.1.  SEM photograph of particles obtained in methyl
formate. Dose rate and irradiation time was 4 kGy h-1 and 2h,

respectively.

Figure 2.2.  SEM photograph of microspheres obtained in propyl
acetate. Dose rate and irradiation time was 4 kGy h-! and 2h,

respectively.



acetate and ethyl propionate gave good results, i.e., high yield and low lost. The
size of propyl acetate, butyl acetate and ethyl propionate are almost similar to the
half of 2EGDM. The form of the monomer molecules in the solvents seems to be
an important factor.

The large size esters tend to result in gelation. Methyl butylate and ethyl
caprylate gave microspheres for 5 vol % solution (Table 2.1), but not for 10 vol%
solution (Table 2.2). Although ethyl acetate gives microspheres for wide range of
2EGDM concentration (2-24 vol %) as described in Chapter 3, the large esters are
not favorable for the preparation of microspheres. The characteristics of the large
size esters become close to that of hydrocarbons with an increase in their size.

The good solvents for 2EGDM monomer are favorable to prepare
microspheres. Esters and ketones seem to satisfy this requirement. Since the
monomer, 2EGDM, is an ester, esters are good solvents for 2EGDM and give
good results for the microsphere preparation. It is no doubt that good solvents are

essential for preparing microspheres by this method.

2.3.3 Form of 2EGDM Monomer in Solvets.

The solubility parameter is one of the indicators to know the solubility of the
solute in the solvent. The problem of the solubility parameter is that it is an
average of a whole molecule, but it does not express any local affinity of monomer
molecules to solvent. Thus, it is not appropriate to apply it to other types of
solvents. In spite of the solubility parameter, not close to 8.9, acetonitril (d = 11.9)
gave microspheres (Fig. 2.3). Benzene, toluene and hexane (d = 0.91, 8.9, and 7.3,
respectively) did not give particles. The solubility parameter is not an absolute
factor. The difference in effect on the microsphere preparation between the
hydrocabons and the esters may be attributed to the polarity of the solvents. Both

the hydrocarbons and the esters are good solvents for 2EGDM, but the forms of



Figure 2.3. SEM photograph of microspheres obtained in

acetonitrile. Dose rate and irradiation time was 4 kGy h-! and 2h,

respectively.

2EGDM molecules in the solvents may be different. The structure of 2EGDM can
be divided into two parts, i.e., methacrylate and ethyleneoxide moieties. The two
methacrylate groups of the 2EGDM molecule may be solvated independently and
separated from each other in the ester solvents. So the 2EGDM monomer takes a
stretched form in the esters as shown in Fig 2.4(a). On the other hand, the two
methacrylate groups of the 2EGDM molecule may be close each other in nonpolar
hydrocarbon solvents. The 2EGDM monomer is considered to take a bended form
in hydrocarbons as shown in Fig 2.4(b). In this form, the distance between two
vinyl groups of the same molecule is short. The approaching two vinyl g<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>