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SYNOPSIS 

A preparation method for new highly durable hydrophilic porous polymer particles consisting 
of acrylic monomers and copolymerizable cross-linking agents was studied. In the case of 
using only a two-functional acrylic monomer as the cross-linking agent, the obtained par- 
ticles had a relatively low mechanical strength, but by the addition of a multifunctional 
acrylic monomer into the above system, it was found that the porous particles obtained 
became highly durable and showed excellent mechanical strength of more than 500 kg/ 
cm'. The effect of preparation conditions on the specific surface area of these particles 
consisting of three components was investigated from the following viewpoints: The first 
was aimed at  the stabilized phase of droplets consisting of monomer/cross-linkerslporogen 
under various conditions of aqueous poly (vinyl alcohol) ( P V A )  media, and the second was 
the effect of composition changes of the monomer and cross-linkers on the inner porous 
structure of the particles obtained. Thus, the specific surface area of the particles was found 
to be significantly affected both by the degree of saponification (DS)  of PVA and by the 
change of composition. On the other hand, the average pore radius of typical particles 
obtained in this way can be controlled in the range from 40 to 120 A by the weight ratio 
of chlorobenzene as the porogen. Furthermore, the mechanical stability and durability of 
the column packed with the porous particles obtained were discussed. 0 1993 John Wiley & 
Sons, Inc. 

INTRODUCTION 

Organic porous polymer sorbents for high-perfor- 
mance size-exclusion chromatography ( SEC ) are 
widely used in the separation, purification, and 
analysis of proteins, polysaccharides, polynucleo- 
tides, and other natural polymers and, also, so are 
many types of synthetic polymers. Some of the best- 
known commercial products are Bio-Gel TSK, 
Fractogel TSK, and Sepharon HEMA, based on the 
hydrophilic polymers of the methacrylate or poly- 
ether type. Since it was first reported in 1959 that 
hydrophilic gels could be synthesized from dextran,' 
many gels for aqueous SEC have been prepared from 
a variety of hydrophilic polymers such as agar,2 cel- 
l ~ l o s e , ~  p~lyacrylamide,~ and poly (vinyl alcohol) .5*6 

However, they are still not free of defects: For ex- 
ample, most of the hydrophilic gels with a large ex- 
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clusion molecular weight ( MIim) cannot be used un- 
der high flow-rate conditions, because the larger the 
value of MIim, the worse the pressure resistance. This 
is an unavoidable defect of gel swelling-type pack- 
ings. On the other hand, one widely used organic 
porous polymer is polystyrene gel, which itself is an 
excellent packing for organic SEC. However, such 
organic porous polymer gels have decisive limita- 
tions, because the column efficiency is lower for 
compounds with relatively long retention times, ow- 
ing to the strong selectivity due to the .rr-electrons 
of the aromatic rings.7 Although other hydrophilic 
organic porous polymer sorbents, glycidyl methac- 
rylate-ethylene glycol dimethacrylate gel' or copol- 
ymers of 2-hydroxyethyl methacrylate with ethylene 
dimethacrylate, have been widely studied, they are 
generally used for reversed-phase chromatography 
characterized by strong interactions between the 
polar mobile phase and various sampie molecules. 

When one is considering the efficiency of the SEC 
chromatographic unit operation, perhaps the most 
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useful and flexible system would be the one capable 
of utilizing all common eluents from water to organic 
solvents. Several column packings have been de- 
scribed that go at least part way toward this ideal. 
For example, urea-formaldehyde polymer gel lo and 
cross-linked glucomannan porous gel l1 seem to fall 
into this category. In addition, from recent trends 
of high-speed analysis or sample atomization for 
biological or clinical science, porous packings ca- 
pable of use in high-performance liquid affinity 
chromatography ( AFC) have now been expected. 
Therefore, we began to search for a novel type of 
porous polymer packing useful for both SEC and 
AFC. Thus, this article deals with the preparation 
and characterization of new durable porous polymer 
particles consisting of a three-component system. 

EXPERIMENTAL 

Materials 

2,3-Dihydroxypropyl methacrylate ( GLM ) mono- 
mer was supplied by Nippon Oil & Fats Co., Tokyo, 
Japan. Two cross-linkers of poly (oxyethylene 
dimethacrylate) (PEG23) and dipentaerythritol 
hexaacrylate (DPH) were obtained from Shin- 
Nakamura Chemical Co., Wakayama, Japan. The 
initiator, benzoyl peroxide (BPO ) , used was a guar- 
anteed reagent, which was obtained from Wako Pure 
Chemical Industries Co., Osaka, Japan. The material 
structures of the above three components used in 
this study are described below. The poly (vinyl al- 
c o h o l ) ~  (PVA) used in the polymerizations are 
summarized in Table I. 

Table I PVA Used in This Study 
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Preparation of Porous Particles 

(D P H I  

A series of three-component porous polymer parti- 
cles was prepared by suspension polymerization us- 
ing chlorobenzene as the inert solvent and various 
kinds of PVA as the stabilizer. The porous structure 
was formed by solvent extraction after polymeriza- 
tion. The standard polymerization was carried out 
in a 1000 cm3 three-neck cylindrical separable flask 
equipped with a reflux condenser, nitrogen inlet, and 
stirrer. The flask was immersed in a water bath 
thermostated at the reaction temperature. Weighed 
amounts of GLM, PEG23, DPH, BPO, and aqueous 
PVA solution were placed in a 1000 cm3 stainless 
steel beaker. The contents of the beaker were purged 
with nitrogen through the glass tube and then dis- 
persed by a homomixer M-type (Tokusyukiko In- 
dustries Co., Tokyo, Japan) at 2000 rpm for 10 min. 
After this treatment, the dispersed solution was 

Grade 

Degree of 
Saponification 

(mol %) 
Degree of 

Polymerization Supplier 

PVA-500 
X-0965-1 
HM-05 
X-0965-2 
L-7 
X-0982 
X-0983 
505 
405 
205 
X-0965-4 

89.0 
52.0 
62.0 
66.0 
70.5 
72.0 
74.0 
77.0 
81.0 
88.0 
92.0 

500 
300 
590 
300 
680 
500 

1000 
500 
500 
500 
300 

Wako Pure Chemical Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
Kuraray Co. 
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poured into the separable flask and stirred. The 
stirrer speed was maintained at 200 rpm. The par- 
ticles obtained after polymerization were removed 
by a centrifugal sedimentation (2500 rpm, 5 min) 
and filtered through a glass filter. The particles were 
then thoroughly cleaned with water, acetone, and 
water again. 

Characterization of the Porous Particles 

The particle size and size distribution were deter- 
mined by a Lasermicron sizer Pro-7000 (Seishin 
Kigyo Co., Tokyo, Japan). A few milligrams of the 
dried particles was circulated through the sample 
cell, followed by dispersion in water with ultrasonic 
equipment for 3 min, and then measured. The sur- 
face area of the particles was measured by nitrogen 
adsorption isotherms. Nitrogen adsorption at  77 K 
was determined volumetrically by Autosorb-1 ( Yu- 
asa Ionics Co., Takatsuki, Japan). The BET equa- 
tion was used to analyze the low relative pressure 
region of the isotherm to determine the surface area 
of the particles. 

Average pore radii and pore volume of the par- 
ticles were also calculated as regards the equivalent 
hollow cylinders using the following equation 12: 

r = 2V/S  

where the terms V and S are the total pore volume 
and the specific surface area, respectively. 

Morphology observation of the porous particles 
was made by a scanning electron microscopy (SEM) 
Model S-510 (Hitachi Industries Co., Hitachi, Ja- 
pan) and cross-sectional observation was carried out 
by a electron microscope DS-130 (Akashi Industries 
Co., Tokyo, Japan) after cutting off the particles 
wrapped with epoxy resin Quetol812 (Nisshin EM 
Co., Tokyo, Japan) using a cutting machine Ultra- 
tome NOVA (LKB Produkter AB, Sweden). 

Mechanical strength of the porous particles was 
investigated using a column-packing experiment. A 
15 mL Packer was connected at the top of the stain- 
less steel column ( 4  X 150 mm) packed with the 
porous particles prepared in this study and filled 
with a mixture of glycerin/methanol(35/65, v/v).  
Methanol, used as a packing solvent, was purged 
into the column at a flow rate of 2 mL/min. The 
back pressure was raised gradually until particle de- 
struction occurred. Another method for testing me- 
chanical strength was studied using the packed col- 
umn. In these cases, the relationship between back 
pressure and flow rate were measured. 

A durability test of the column packed with the 
porous particles obtained in this study was con- 
ducted with a high-performance liquid chromato- 
graph (Shimadzu, LC-6A) equipped with a system 
controller (Shimadzu, SCL-6B) at  a column oven 
temperature of 35°C. The mobile phase system and 
the elution program used in the experiment will be 
described in detail below. 

RESULTS AND DISCUSSION 

Effect of PVA as Stabilizer 

Porous particles having good mechanical strength 
could not be produced from suspension polymer- 
ization of a two-component system using 2,3- 
dihydroxypropyl methacrylate ( GLM ) and poly- 
(oxyethylene dimethacrylate) (PEG23). However, 
the addition of a multifunctional cross-linker such 
as dipentaerythrytol hexaacrylate (DPH ) into this 
system was found to give porous particles much im- 
proved in their mechanical strength. However, the 
physical properties of the particles prepared under 
usual suspension polymerization conditions of these 
three components were contrary to expectation, i.e., 
the obtained data of both specific surface area and 
total pore volume of the particles prepared in these 
cases were very small and poorly reproducible. 

To investigate the origin of these phenomena, 
scanning electron micrography (SEM) of the surface 
of the particles prepared was carried out. A typical 
SEM photograph of the particles is shown in Figure 
1. This photograph clearly shows that a thin film 

Figure 1 Scanning electron micrograph of typical po- 
rous GLM-PEG23-DPH polymer particles prepared using 
PVA with DS over 85 mol %. 
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Figure 2 Scanning electron micrograph of the cross 
section of porous GLM-PEG23-DPH polymer particles 
prepared using PVA with DS over 85 mol %. 

has been covered on the surface of the particles and 
stripped off from the surface to form “craters.” An 
inner structure of the particles could be seen through 
most parts of these craters. To make clearer the in- 
ner structure of the particles, they were wrapped 
with a commercial epoxy resin as a binder matrix, 
followed by cutting using a microtome to prepare 
the cross-sectional samples of the particles. Figure 
2 shows one of the typical SEM photographs of a 
cross section of the particles. In the figure it is clear 
that the inner structure of the particles was thor- 
oughly porous. In view of these observations, the 
most reasonable consideration about the particle 
structure could be assumed that although the inside 

of the particles consisted of hard constituents with 
porous structure, the surface of these particles was 
covered, such as by a microcapcel, by the different 
constituents of the polymers. Such phenomena are 
most likely caused by the state of the stabilization 
of liquid droplet dispersion in the aqueous PVA so- 
lution containing the three polymerizable compo- 
nents and porogen. 

On the basis of these assumptions, the effect of 
PVA on physical properties such as specific surface 
area of the porous particles prepared under the con- 
ditions of various degrees of saponification (DS) of 
PVA in the same ratio of monomer and cross-linkers 
was studied. The typical runs of experimental results 
are summarized in Table 11. The roughness factor 
in Table I1 is a qualitative parameter of the un- 
evenness of the surface of the particles, and these 
factors have been calculated from the specific surface 
area of each particle divided by its calculated surface 
area regarded as a nonporous hard sphere. Thus, 
the larger value of this factor indicates the more 
uneven surface of the particles. 

It was found that all the physical properties of 
the particles drastically changed in the region near 
85 mol 5% of DS of the PVA used in the polymeriza- 
tion. Furthermore, in Figure 3, all the experimental 
results that the DSs of the PVA used are plotted as 
the abscissa and the specific surface areas of the 
particles are obtained as the ordinate. The degree 
of polymerization of PVA, by the way, had almost 
no effect on the specific surface area of the porous 
particles obtained but did have a slight effect on the 
average size of the particles. Needless to say, it be- 

Table I1 Effect of the Degree of Saponification of PVA on Physical Properties of Porous Particles 

Average Average Total 
Particle BET Specific Pore Pore 

DS of PVA Diameter Surface Area Radius Volume Roughness 
(mol %) (rm) (m2/g) (4 (mL/g) Factor 

52 
62 
66 
71 
72 
74 
77 
81 
88 
92 

12.3 
12.1 
11.4 
11.0 
11.8 
14.1 
11.3 
11.8 
13.4 
15.6 

18.6 
30.3 
20.2 
25.9 
26.8 
20.1 
25.2 
27.0 
6.0 
1.1 

205.8 
78.2 

160.4 
89.9 

201.4 
94.8 
77.6 

200.3 
229.3 
n.d. 

0.19 
0.12 
0.16 
0.12 
0.27 
0.10 
0.29 
0.27 
0.07 
n.d. 

12.9 
23.3 
16.8 
19.5 
23.5 
19.9 
24.8 
24.3 
5.9 
1.2 

n.d.: not detected. 
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Figure 3 Influence of degree of saponification of PVA 
used in polymerization on the specific surface area of po- 
rous polymer particles obtained. 

came clear from Figure 3 that the surface morphol- 
ogy of these porous particles had been affected by 
the DS of the PVA used as a stabilizer; i.e., in other 
words, such a change of DS affects the hydrophilic 
and hydrophobic balance in each stabilized layer of 
the droplets in the suspended solutions. 

The raw materials GLM and PEG23 used in this 
study are both water-soluble even at  room temper- 
ature, whereas DPH and chlorobenzene can be only 
slightly dissolved in warm water. Hence, it is possible 
to say that it may change the composition in the 
PVA-stabilized layer of each droplet. This is sup- 
ported experimentally by the observations described 
below. For example, a typical SEM photograph of 
particles prepared using DS = 77 mol % of PVA is 
shown in Figure 4. The most striking aspect in Fig- 
ure 4 is that particles having a completely naked 
porous surface structure without a thin-covered film 
(as shown in Fig. 1 ) have been produced. Similar 
photographs can be also observed from particles 
prepared using DS = 81 mol % of PVA as the sta- 
bilizer during polymerization. Such a phenomenon 
could be explained as follows: The droplets of chlo- 
robenzene solution containing GLM, PEG23, and 
DPH were stabilized by forming the protected col- 
loidal layer of PVA in aqueous medium in the usual 
manner. It seems reasonable to consider that the 

protected layer stabilized by using the higher DS of 
PVA will be induced to dissolve the hydrophilic 
molecules such as GLM or PEG23 owing to their 
hydrophilic character. It can be presumed that the 
PVA protective layer of these droplets could be sta- 
bilized by the formation of an outer layer having a 
little different composition from the inner ones. 
Therefore, it is obvious that this composed layer 
may consist of a little higher concentration of hy- 
drophilic monomers such as GLM or PEG23 and 
may give rise to a phase separation at  the beginning 
of polymerization, followed by the formation of thin- 
film-like microcapcels, and, then, finally producing 
some “craters” due to particle collision under vig- 
orous stirring conditions. On the other hand, in the 
case of the experiments using a lower DS of PVA, 
it can be presumed that such a layer as described 
above cannot be formed because the hydrophobic 
character in the PVA protected layer of the droplets 
does prohibit the hydrophilic monomers from dis- 
solving. Thus, it could be concluded that the sus- 
pension polymerization of the present system using 
a lower DS of PVA proceeded without any formation 
of the thin film caused by phase separation at the 
initial stage of polymerization. 

Effects of Monomer and Cross-linker Contents 

Physical properties of the particles prepared in this 
three-component system were found to be signifi- 
cantly affected by the content of the monomers. The 
experimental results in the present system for in- 
vestigating the effect of the monomer ratio to the 

Figure 4 Scanning electron micrograph of typical po- 
rous GLM-PEG23-DPH polymer particles prepared using 
PVA with DS = 77 mol %. 
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Weight ratio of GLM to total crosslinkers [%I 
Figure 6 Effects of weight ratio of GLM monomer to 
total cross-linkers on the specific surface area of the porous 
particles obtained. 

cross-linkers on the specific surface area of the par- 
ticles prepared under each condition are depicted in 
Figure 5. These results suggest that the physical 
values such as total pore volume and specific surface 
area (BET) of porous particles cannot be deter- 
mined in the usual way in that the volume ratio of 
porogen against total amounts of nonvolatile gel- 
forming materials almost enables us to control the 
physical properties of the particles. As seen in Figure 
5, it is clear that the specific surface area of these 
porous particles has been drastically altered by the 
change of the monomer/cross-linkers ratio even 
though all were made under the same preparation 
conditions except for the ratio noted above. This 
seems to indicate that the specific surface area may 
be definitely correlated to the internal cross-linking 
structure of the porous particles. 

Furthermore, the effect of two kinds of cross- 
linkers, i.e., the PEG23/DPH ratio on the specific 
surface area, was also examined. The experimental 
results are shown in Figure 6. In this experiment, 
the weight ratio of monomer/cross-linkers was cho- 
sen to be a constant of 3 at point C in Figure 5. A 
specific feature can be pointed out from Figure 6: 
that the specific surface area increases with an in- 
crease of DPH content in the cross-linker's com- 
position and the maximum surface area has in- 
creased to 120 m2/dry g. Similarly, the total pore 
volume of the particles was found to increase with 
an increase of DPH content such as 0.01,0.16,0.42, 
0.53, and 0.43 mL/dry g, respectively. These findings 
suggest that the greater the content of the six-func- 

tional cross-linker involved in the system the larger 
the porosity of the particles achieved. Therefore, it 
is clear that in this three-component system the 
content of the monomer or cross-linkers plays a de- 
cisive role on the physical properties of the particles. 

Control of Pore Radius 

Control of the pore radius of the particles produced 
from this system was investigated by the method of 
the volume change of porogen. These experiments 
were carried out based on the data described above. 
To obtain better reliability of the data, duplicate 
systems were adopted, i.e., the following two systems 
were chosen as the monomer compositions from the 
consideration of the data described above: Systems 
A and B were in weight ratios of 30/5/35 and 301 
15/25 for GLM/PEG23/DPH, respectively. Both 
systems are typical compositions that contain par- 
ticles that can possess a relatively large specific sur- 
face area. In fact, under polymerization conditions 
using chlorobenzene as a porogen with eight steps 
from 0.5 to 2.5 as P values, which indicate the weight 
ratio of porogen against total amount of gel-forming 
materials, experiments were carried out. The ex- 
perimental results on the physical properties of these 
porous particles obtained are summarized in Ta- 
ble 111. 

The relationship between these P values and av- 
erage pore radius measured from each particle is also 
shown in Figure 7. As is obvious from these data, a 
certain upper and lower value may exist for the av- 
erage pore radius controlled in both systems, and 

Weight ratio of PEG/DPH [%I 
Figure 6 
specific surface area of the porous particles obtained. 

Effects of weight ratio of PEG23/DPH on the 
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they are definitely dependent on the P values. Ex- 
istence of such limitations for pore radius could be 
interpreted as follows: The occurrence of maximum 
or minimum pore radius can be attributed to the 
issue of the pore formation process under the con- 
ditions in either a diluted or concentrated solution 
of chlorobenzene involving monomer and cross- 
linkers, respectively. Moreover, assuming that pore 
formation would have resulted from the production 
of macromolecules by a cross-linking reaction be- 
tween polymer segments in organic media, it seems 
reasonable to postulate that in the case of concen- 
trated solution of monomer and cross-linkers the 
cross-linking reaction may occur in many places and 
that many polymer chains tend to pack together as 
closely as their geometry allows. From these results, 
the inner solvent may be presumed to be squeezed 
out from the porogen space and to lead to certain 
minimum pore radius formation. In the case of the 
dilute solution, on the other hand, it would be very 
difficult for such a cross-linking reaction between 
polymer segments to occur. Thus, polymer phases 
possessing unstabilized functional groups and still 
remaining unchanged may be presumed to form the 
particles with a maximum pore radius in a random 
fashion. In such a sense, it seems to be an interesting 
subject as to how the cross-linking reaction between 
polymer segments occurs in different kinds of inert 
solvent like porogen, because the pore formation 
would be initiated by phase separation based on sol- 
ubility between the porogen solvent and the polymer 
segments produced in the initial stage of polymer- 
ization. The duplicate experiments as shown in Fig- 
ure 7 have given relatively good reliability on the 
data. Thus, it could be concluded that the average 
pore radius may be controlled in the range from 0.5 
to 1.5 of P values in both systems A and B and that 
their pore radius can be controlled in the region from 
ca. 45 to 120 A in system A and from 60 to 114 A 
in system B. However, these values would not be 
considered to indicate a maximum range in pore ra- 
dius of the particles prepared in this three-compo- 
nent system, since they may change to a different 
porogen as mentioned above. 

Column Durability 

Evaluation of the durability of a packed column of 
prepared particles is very important in a practical 
sense. Thus, a study was carried out by the mea- 
surement of a flow-rate/back-pressure relationship 
and by the microscopic observations of the packings 
after 500 cycles of repeated passes of mobile phases 
selected as one of the typical affinity high-perfor- 
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Figure 7 Experimental results for average pore radius 
control of porous GLM-PEG23-DPH polymer particles 
by means of P values. The shaded portion of the figure 
seems to be controllable. (0) System A; ( 0 )  system B. 

mance liquid chromatography systems described in 
Table IV. A study on the relationship measurements 
between flow rate and back pressure were under- 
taken using a 4 X 150 mm stainless steel column, 
packed with typical particles with 17.8 pm as the 
average particle diameter and 120 A as the average 
pore radii prepared in system A, and using purified 
and degassed water as the mobile phase. The results 
obtained are shown in Figure 8. A good relationship 
for mechanical stability was obtained in this column. 
In the same way, the particles prepared in system 
B as well as in other conditions of system A were 

Flow rate [ml/min] 

0 

80 I A 

Flow rate [ml/hr . cm'] 

Figure 8 Experimental results on correlation between 
flow rate and the back pressure of the column packed with 
porous GLM-PEG23-DPH particles. 

found to show a similar behavior easily accessible 
for analytical HPLC purposes. In addition, the du- 
rability of the packed column using the same par- 
ticles of system A was evaluated under the HPLC 
condition using acidic and alkali eluents as is shown 
in Table IV. Figure 9 is a schematic diagram of re- 
peated passes of these mobile phases in this exper- 
iment. As the result, even after the passing of 500 
cycles of various types of eluents, no defected or 
fractured particles could be found by the microscopic 
observations. From these findings, the porous poly- 

Table IV Mobile Phase System Used in Durability Experiment 

Mobile Phase Composition PH 

I 

I1 

I11 

IV 

0.2M Ammonium acetate 
0.1M Magnesium chloride 

0.2M Ammonium acetate 

0.2M Ammonium acetate 
0.3M Sorbitol 

0.1M HC1 

9.0 

5.5 

9.0 

1-2 

Adjusted with 1M NaOH 

Adjusted with 1M HCI 

Adjusted with 1M NaOH 
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Back 
Pressure 

Flow rate 
[I mlhin]  

1 Cycle 

Mobile I II m Iv 
Phase 

Figure 9 Schematic diagram for column durability ex- 
periments using a 4 X 150 mm column packed with porous 
particles prepared in this study. All experiments were car- 
ried out automatically using an HPLC apparatus equipped 
with an elution program controller. Each mobile phase 
was eluted at  intervals of 1 min with constant rate of 1 
mL/min. 

mer particles obtained in this study seem to have 
enough durability to be available for the HPLC 
packings. 

CONCLUSIONS 

New hydrophilic and high durable porous polymer 
particles were successfully prepared using a three- 
component system. Morphology of these particles 
was significantly affected by the degree of saponi- 
fication of PVA used as a stabilizer in suspension 
polymerization. Their specific surface areas and total 
pore volumes were also found to be dependent on 

weight ratios of constituents. The pore radius of the 
particles could be well controlled by the P values 
under their specific conditions. Furthermore, packed 
columns with the porous particles obtained in this 
study have a good mechanical stability and adequate 
durability easily accessible for analytical HPLC 
purposes. 
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