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ABSTRACT: Poly(styrene-co-divinylbenzene)-based mono-
disperse macroporous particles were obtained by a modified
seeded polymerization technique. The monodisperse poly-
styrene particles, obtained by dispersion polymerization in
sufficiently large sizes and with suitable average molecular
weights, were directly used as the seed latex in the produc-
tion of macroporous particles. Therefore, the number of
swelling and polymerization stages in the multistage pro-
duction was reduced. In the first stage, the seed particles
were swollen with a diluent, dibutyl phthalate (DBP), and
then with a monomer phase including styrene, divinylben-
zene, and, as an initiator, benzoyl peroxide. The monodis-
perse macroporous particles were obtained by the repoly-
merization of the monomer mixture in the seed particles.
The particles, having different porosity characteristics, were
synthesized through variations in the dibutyl phthalate/
seed-latex (DBP/SL) ratio. Selected macroporous particle
samples were slurry-packed into stainless steel high-perfor-
mance liquid chromatography columns (300 mm long
� 7.8-mm i.d.). The separation of the protein mixture by
these columns in the reversed-phase chromatography (RPC)

mode was investigated. Liquid chromatograms with high
resolutions were obtained under an acetonitrile/water gra-
dient over a wide range of flow rates (i.e., 0.5–3 mL/min),
especially for the particles produced with a monomer/seed-
latex (M/SL) ratio of 3.0 mL/g. In the RPC experiments, the
particles produced with an M/SL ratio of 3.0 mL/g and
DBP/SL ratios of 1.0 and 1.5 mL/g exhibited better chro-
matographic performance than the other samples. The max-
imum theoretical plate number was 3500 for the particles
produced with the M/SL ratio of 3.0 mL/g and DBP/SL
ratio of 1.5 mL/g with albumin as the analyte. The size
exclusion chromatography (SEC) calibration curves and the
back-pressure/flow-rate relationships of the produced col-
umns were also determined. The particles obtained with an
M/SL ratio of 3.0 mL/g and a DBP/SL ratio of 1.5 mL/g
exhibited the best performance in SEC applications. © 2004
Wiley Periodicals, Inc. J Appl Polym Sci 92: 3685–3696, 2004
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INTRODUCTION

In high-performance liquid chromatography (HPLC),
more regular flow regimes and lower back-pressure
are usually obtained in columns including monodis-
perse packing materials. These advantages provide
liquid chromatograms with higher resolutions.1–4 Var-
ious multistage polymerization protocols have been
established for the production of monodisperse
macroporous particles with different porosity proper-
ties and surface chemistries.1–14 The activated swelling
method was one of the first methods proposed for the
synthesis of monodisperse compact/macroporous
particles in the range of 1–20 �m.1,5,6 El-Aasser and

coworkers2,7 established a production method for uni-
form macroporous particles, 10 �m in diameter, via
seeded emulsion polymerization.2,7 A staged template
polymerization for the synthesis of monodisperse po-
rous poly(styrene-co-divinylbenzene) [poly(S-DVB)]
particles, 7.4 �m in size, was developed by Frechet
and coworkers.3,8 The Shirasu porous glass technique
was recently developed for the synthesis of monodis-
perse macroporous particles in the size range of 2.5–60
�m.10,11

Recently, we proposed a modified multistage poly-
merization protocol for the synthesis of monodisperse
macroporous particles potentially suitable as chro-
matographic packing materials in HPLC.13,14 Al-
though the proposed method was based on the prin-
ciples established by Ugelstad et al.1 and Galia et al.,3

we introduced some modifications to obtain macro-
porous particles with improved monodispersity.13,14

In the first stage of our production method, we estab-
lished a dispersion polymerization protocol for the
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synthesis of the seed latex, including sufficiently large,
monodisperse particles with a suitable average molecu-
lar weight.13–15 In the multistage protocol, this latex was
used as a part of the porogen mixture without any ad-
ditional swelling stage for the adjustment of the molec-
ular weight and particle size of the starting material.
After the swelling of the seed latex by an organic diluent
and a monomer mixture, the final macroporous particles
were obtained in a highly monodisperse form by a re-
polymerization stage. Therefore, the number of emulsi-
fication and swelling stages in the multistage production
protocol was reduced.13 The multistage polymerization
protocol proposed for particles based on styrene divinyl-
benzene was also applied to the production of monodis-
perse macroporous particles with different surface
chemistries. Monodisperse macroporous particles with
polarities were also obtained through the addition of
different functional acrylic monomers (i.e., 2-hydroxy-
ethylmethacrylate, methacrylic acid, glycidyl methacry-
late, and 4-vinylphenylboronic acid) to the polymeriza-
tion recipe.16–23

Various chromatography studies were performed to
determine the chromatographic performance of
monodisperse macroporous particles, particularly by
Frechet and coworkers.24–30 The chromatographic per-
formance of monodisperse macroporous particles,
based on styrene divinylbenzene and produced with a
staged shape template polymerization, was tested
with both size exclusion chromatography (SEC) and
reversed-phase chromatography (RPC).3,8 Monodis-
perse beads based on hydrolyzed macroporous poly(g-
lycidyl methacrylate-co-ethylene dimethacrylate) were
synthesized and used as size exclusion HPLC packing.24

The porosity properties of monodisperse poly(glycidyl
methacrylate-co-ethylene dimethacrylate) beads were
also controlled with chain-transfer agents in the multi-
stage seeded polymerization.25 Novel separation media
for HPLC were prepared from monodisperse glycidyl
methacrylate-co-ethylene dimethacrylate beads with a
pore-size-specific functionalization process.26,27 The
monodisperse macroporous beads produced by the

staged shape template copolymerization of 2,3-ep-
oxypropylvinylbenzylether with divinylbenzene were
examined as packing materials in the RPC of alkyl-
benzenes and proteins.28 Recently, polar stationary
phases based on monodisperse macroporous poly(2,3-
dihydroxypropyl methacrylate-co-ethylene dimethac-
rylate) beads were developed for normal-phase HPLC
applications.29,30

As a part of the systematic testing of the chromato-
graphic performance of the monodisperse macro-
porous particles obtained by our multistage polymer-
ization protocol, this study was designed.23 For this
purpose, styrene divinylbenzene copolymer particles
in a suitable size range were synthesized through
variations in the diluent/seed-latex ratio. The pro-
duced particles were used as column-packing materi-
als in HPLC, and their chromatographic performance
was investigated in both SEC and RPC modes.

Figure 1 SEM photographs exemplifying the monodisper-
sity of poly(S-DVB) particles produced with different
DBP/SL ratios (M/SL ratio � 3.00 mL/g, original magnifi-
cation � 1000�): (A) 1.0, (B) 1.5, and (C) 2.0 mL/g.

TABLE I
Production Conditions of the Monodisperse

Macroporous Particles

Code
Seed

latex (g)
DBP
(mL)

Styrene
(mL)

DVB
(mL) BPO (g)

TG10 2.50 2.50 2.50 7.50 0.375
TG6 2.50 3.75 2.50 7.50 0.375
TG11 2.50 5.00 2.50 7.50 0.375
TG12 3.33 3.33 2.50 7.50 0.375
TG8 3.33 5.00 2.50 7.50 0.375
TG13 3.33 6.66 2.50 7.50 0.375
TG14 4.25 4.25 2.50 7.50 0.375
TG9 4.25 6.38 2.50 7.50 0.375
TG15 4.25 8.50 2.50 7.50 0.375
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EXPERIMENTAL

Materials

Styrene (Yarpet AS, Kocaeli, Turkey) was distilled in
vacuo. Dibutyl phthalate (DBP; Aldrich Chemical Co.,
Milwaukee, WI) was selected as the diluent for the prep-
aration of the monodisperse macroporous particles. Di-
vinylbenzene (including 55% para- and meta-divinylben-

zene isomers; Aldrich Chemical) was extracted with a
5% (w/w) NaOH solution. Sodium lauryl sulfate (SDS;
Sigma Chemical Co., St. Louis, MO) was used as an
emulsifier in the preparation of an aqueous emulsion
medium for the swelling of polystyrene (PS) seed parti-
cles. Benzoyl peroxide (BPO; Aldrich Chemical) was
used as an oil-soluble initiator in the repolymerization
stage. Acetonitrile (HPLC-grade; Aldrich Chemical) was
used as the mobile phase in RPC. Bovine serum albumin
(BSA; catalog number A-2153, fraction V, molecular
weight � 67,000), lysozyme (catalog number L-6876,
molecular weight � 17,000), ribonuclease A (catalog
number R-5503, molecular weight � 13,200), and cyto-
chrome C (catalog number C-2037, molecular weight
� 14,200) were selected as the protein standards and
were purchased from Sigma Chemical. Distilled and
deionized water was used in all the polymerizations.

Synthesis of the monodisperse macroporous
particles

A multistage seeded polymerization protocol was
used for the synthesis of the monodisperse macro-

Figure 2 SEM photographs showing the detailed surface morphology of the particles produced with M/SL ratios of 3.0 and
3.5 mL/g (original magnification � 4000�). The M/SL and DBP/SL ratios were (A) 3.0 and 1.0 mL/g, (B) 3.0 and 1.5 mL/g,
(C) 3.0 and 2.0 mL/g, (D) 3.5 and 1.0 mL/g, (E) 3.5 and 1.5 mL/g, and (F) 3.5 and 2.0 mL/g.

TABLE II
Variation of the Average Size (Dn) and Size Distribution

Properties of Monodisperse Macroporous Particles
Obtained with Different DBP/SL Ratios

Code M/SL (mL/g) DBP/SL (mL/g) Dn (�m) CV (%)

TG10 4.00 1.0 7.11 2.53
TG6 4.00 1.5 7.13 3.61
TG11 4.00 2.0 7.91 0.88
TG12 3.00 1.0 6.69 2.46
TG8 3.00 1.5 7.12 1.59
TG13 3.00 2.0 7.94 1.30
TG14 2.35 1.0 7.01 2.79
TG9 2.35 1.5 7.53 2.00
TG15 2.35 2.0 6.29 1.88
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porous latex particles. The monodisperse PS particles,
4.8 �m in size, were prepared by dispersion polymer-
ization and were used as the seed latex in this proto-
col.23 A typical procedure for the multistage seeded
polymerization was as follows. The diluent DBP (5.0
mL) was emulsified in an aqueous medium (100 mL)
including 0.25% (w/w) SDS as the emulsifier. The
mixture of DBP and the aqueous SDS solution was
sonicated for 45 min in an ultrasonic bath (Bransonic
200, Providence, RI) for complete emulsification. Then,
20 mL of the latex dispersion, including 3.33 g of PS
seed particles, was added into an emulsion prepared
previously. For the absorption of DBP by the PS seed
particles, the new dispersion medium was stirred
magnetically (400 rpm) at room temperature for 24 h.

In the next stage, a monomer phase consisting of
styrene (2.5 mL), DVB (7.5 mL), and BPO (0.375 g) was
emulsified in an aqueous medium (120 mL) including
0.25% (w/w) SDS. This emulsion was added to the
dispersion containing DBP-swollen seed particles. The
new emulsion was stirred at room temperature for
24 h at 400 rpm for the absorption of the monomer
phase by the DBP-swollen seed particles.

Finally, an aqueous poly(vinyl alcohol) solution (6
mL, 20% w/w) was added to the resulting dispersion

and purged with nitrogen for 5 min. The repolymer-
ization of the monomer phase in the swollen seed
particles was conducted at 70°C at a 120 cpm shaking
rate for 24 h. An extensive washing-and-extraction
procedure was performed after the production. This
protocol has been defined in detail elsewhere.23

Characterization of the particles

The size distribution properties and surface morphol-
ogy of the macroporous particles were investigated
with a scanning electron microscope (JEM1200EX,
JEOL, Tokyo, Japan). The internal structure of the
particles was evaluated with a transmission electron
microscope (JEM 1200 EX, JEOL). The characterization
procedure has been reported in detail elsewhere.23

The porosity properties of the particles {i.e., pore size
distribution, average pore size (Å), pore volume [Vp

(mL/g)], and porosity [P (% v/v)]} were calculated
with the retention volumes of the standards in the SEC
study according to the method used by Ferreira et al.31

Vp was calculated on the basis of the retention volume
difference between toluene and the PS standard with a
molecular weight of 5,000,000.

Figure 3 TEM photographs of thin cross sections of the particles produced with M/SL ratios of 3.0 and 3.5 mL/g (original
magnification � 5000�). The M/SL and DBP/SL ratios were (A) 3.0 and 1.0 mL/g, (B) 3.0 and 1.5 mL/g, (C) 3.0 and 2.0 mL/g,
(D) 3.5 and 1.0 mL/g, (E) 3.5 and 1.5 mL/g, and (F) 3.5 and 2.0 mL/g.
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Chromatographic study

The monodisperse macroporous particles were slurry-
packed into stainless steel HPLC columns (300 mm
long � 7.8-mm i.d.) under a pressure of 130 atm. BSA,
lysozyme, ribonuclease A, and cytochrome C were
selected as the protein standards. The chromato-
graphic tests were performed in a liquid chromato-
graph (Shimadzu, Tokyo, Japan) equipped with a ter-
nary gradient pump (LC-10 ADVP) and a UV detector
(SPD-10 AVVP). The analysis of the protein mixture
was performed under an acetonitrile/water gradient
including trifluoroacetic acid (TFA; Aldrich Chemical)
in the mobile phase at a concentration of 0.15% (v/v).
The chromatograms were recorded at 280 nm with
different flow rates of 0.5–3.0 mL/min. The theoretical
plate number (TPN) and the reduced plate height

(RPH) were calculated from the liquid chromatograms
of BSA recorded in the isocratic mode with an aceto-
nitrile/water mixture (25:75) at different flow rates of
0.5–3.0 mL/min.23

SEC was performed in tetrahydrofuran (THF) with
stainless steel columns (300 mm long � 7.8-mm i.d.).
During the SEC experiments, the mobile-phase flow
rate was adjusted to 1.0 mL/min, and the PS stan-
dards (molecular weight � 5,000,000, 1,460,000,
692,000, 288,000, 92,000, 50,000, 19,200, 4,000, and
2,100) and toluene (molecular weight � 92) were in-
jected into the column. The chromatograms were ob-
tained with an SPD-10 AVVP UV detector at 254 nm.

Figure 4 SEM photographs showing the detailed surface
morphology of the particles produced with the M/SL ratio
of 2.35 mL/g (original magnification � 4000�) and different
DBP/SL ratios: (A) 1.0, (B) 1.5, and (C) 2.0 mL/g.

Figure 5 TEM photographs of thin cross sections of the
particles produced with the M/SL ratio of 2.35 mL/g (orig-
inal magnification � 5000�) and different DBP/SL ratios:
(A) 1.0, (B) 1.5, and (C) 2.0 mL/g.
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RESULTS AND DISCUSSION

Characterization of the particles

The poly(S-DVB) particles were obtained through
changes in the dibutyl phthalate/seed-latex (DBP/SL)
ratio at selected monomer/seed-latex (M/SL) ratios.
The production conditions are given in Table I. Scan-
ning electron microscopy (SEM) photographs exem-
plifying the monodispersity of the poly(S-DVB) parti-
cles are given in Figure 1. The particle size and size
distribution properties of the particles are listed in
Table II. All the coefficient of variation (CV) values
were less than 5%, and so the particles had a reason-
ably narrow size distribution. With a constant M/SL
ratio, the average particle size slightly increased with
an increasing DBP/SL ratio. The size distribution be-
came narrower, particularly at high DBP/SL ratios

Figure 6 Separation of the protein mixture by RPC with different mobile-phase flow rates on a column packed with particles
produced with different DBP/SL ratios (linear gradient of acetonitrile in water; column, 300 mm long � 7.8-mm i.d.; variable
flow rate � 0.5–3.0 mL/min; UV detection at 280 nm). The M/SL ratio was 3.0 mL/g, and the DBP/SL ratios were (A) 1.0,
(B) 1.5, and (C) 2.0 mL/g. The elution order was (1) ribonuclease A, (2) cytochrome C, (3) lysozyme, and (4) albumin.

TABLE III
Gradient Conditions Used for the Separation of Proteins

by RPC on a Column Packed with Particles Obtained
with Different DBP/SL Ratios

Column
code

M/SL
(mL/

g)
DBP/SL
(mL/g)

Initial A
(%)

Final A
(%)

Time
(min)

TG12 3.00 1.0 30 50 30
TG8 3.00 1.5 30 60 30
TG13 3.00 2.0 30 60 35
TG9 2.35 1.5 30 60 40
TG15 2.35 2.0 30 55 30

Conditions: Column � 30 � 7.8-mm i.d.: mobile phase A
� 5% water in acetonitrile and 0.15% TFA, B � water and
0.15% TFA; flow rate � 1 mL/min; UV detection at 280 nm.
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(e.g., 2.0 mL/g). The monomer phase should be ab-
sorbed more easily by seed particles swollen with
larger amounts of DBP. The possibility of an equal
distribution of the monomer phase among the seed
particles is probably stronger when the monomer ab-
sorption is easier. SEM photographs showing the de-
tailed surface morphology of the particles produced
with M/SL ratios of 3.0 and 3.5 mL/g are given in
Figure 2. A spongelike structure, including relatively
smaller pores homogeneously distributed throughout
the particle surface, can be observed. Transmission
electron microscopy (TEM) photographs of thin cross
sections of the same particles are given in Figure 3. A
spongelike pore structure very similar to that of the
surface can be observed for the particle interior. SEM
photographs showing the detailed surface morphol-
ogy of the particles produced with the M/SL ratio of
2.35 mL/g are given in Figure 4. The pore structure on
the particle surface was reasonably different from that
shown in Figure 2. Instead of a spongelike structure, a
craterlike porosity, including relatively larger pores
irregularly distributed to the particle surface, can be
observed for the surfaces of the particles obtained
with different DBP/SL ratios at the M/SL ratio of 2.35
mL/g. TEM photographs of thin cross sections of the
particles produced with the M/SL ratio of 2.35 mL/g

are included in Figure 5. The pore structure in the
particle interior was similar to that of the surface
shown in Figure 4. In our method, the porogen mix-
ture consists of DBP and linear PS coming from the
seed particles. An increase in the DBP/SL ratio with a
constant amount of the seed latex involves an increase
in the porosity of the final particles. Cheng and co-
workers2,7 proposed a mechanism for the pore forma-
tion process during the synthesis of monodisperse
macroporous particles from PS seed latex. According
to this mechanism, highly crosslinked gel micro-
spheres are generated in the first stage of the pore
formation process through the phase separation occur-
ring between the porogen mixture and crosslinked
polymer. The adhesion and combination of the
crosslinked microspheres result in the formation of
aggregates in the forming particle structure. In the
final stage, the fixation and binding of these agglom-
erates occur, and the voids between the agglomerates
are filled with the linear polymer and the diluent.2,7 As
shown in Figures 2–5, the mean pore size decreased
with an increasing DBP/SL ratio. This behavior was
valid for the pores both on the particle surface and in
the particle interior and was particularly clear for the
particles produced with the M/SL ratio of 2.35 mL/g.
This finding, also observed in our previous studies,

Figure 7 Separation of the protein mixture by RPC with different mobile-phase flow rates on a column packed with particles
produced with different DBP/SL ratios (linear gradient of acetonitrile in water; column, 300 mm long � 7.8-mm i.d.; variable
flow rate � 0.5–3.0 mL/min; UV detection at 280 nm). The M/SL ratio was 2.35 mL/g, and the DBP/SL ratios were (A) 1.5
and (B) 2.0 mL/g. The elution order was (1) ribonuclease A, (2) cytochrome C, (3) lysozyme, and (4) albumin.
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can be explained by the formation of smaller aggre-
gates with an increasing DBP content in the porogen
mixture.13,18,21,22 Therefore, the voids (i.e., pores) be-
tween the fixed aggregates in the forming particle
structure should be smaller.

Chromatographic evaluation

An evaluation of SEM and TEM photographs given in
Figures 2–5 showed that the surface and internal mor-
phologies (i.e., the pore structures) of the particles
produced with the M/SL ratios of 3.0 and 4.0 mL/g
were reasonably similar. As mentioned previously,
the particles in both series had spongelike porosity for
all DBP/SL ratios tried. However, the pore structure
of the particles produced with the M/SL ratio of 2.35
mL/g was reasonably different, and these particles
exhibited craterlike porosity (i.e., extremely larger
pores) with all DBP/SL ratios.

To observe the chromatographic behavior of parti-
cles with different pore structures, we selected the
particles produced with the M/SL ratios of 2.35 and
3.0 mL/g as packing materials for HPLC. The columns
(300 mm long � 7.8-mm i.d.), packed with the parti-
cles obtained with different DBP/SL ratios, were
tested in the reversed-phase mode. In the chromato-
graphic experiments, the separation of a protein mix-

ture, including four proteins with different molecular
weights and hydrophobicities, was investigated under
an acetonitrile/water gradient at room temperature.
To determine the appropriate gradient conditions for
each column, we performed a set of preliminary chro-
matographic experiments, and the conditions provid-
ing the highest resolution values were determined at a
mobile-phase flow rate of 1 mL/min. Then, each col-
umn (i.e., each packing material obtained with certain
M/SL and DBP/SL ratios) was tested at different flow
rates under the gradient conditions providing the best
separation at 1.0 mL/min. The columns and the gra-
dient conditions are given in Table III. The concentra-
tion of mobile phase A (95% acetonitrile and 5% wa-
ter) was initially fixed at 30% (v/v) and increased to 50

Figure 8 Effect of the flow rate on the TPN of a column
packed with particles obtained with different DBP/SL ratios
(column, 300 mm long � 7.8-mm i.d.; mobile phase � 75:25
acetonitrile/water with 0.15% TFA; UV detection at 280 nm;
analyte � albumin). The M/SL ratios were (A) 3.0 and (B)
2.35 mL/g.

TABLE IV
Resolution Values of the Chromatograms

Given in Figures 6 and 7

Resolution parameters Flow rate (mL/min)

TG12, DBP/SL � 1.0 mL/g 0.5 1 2 3

R(II/I) 3.03 4.00 3.32 5.81
R(III/II) 1.19 2.22 4.74 3.89
R(IV/III) 1.19 2.05 3.65 3.14

TG8, DBP/SL � 1.5 mL/g 0.5 1 2 3

R(II/I) 3.92 6.11 5.81 5.53
R(III/II) 1.23 3.02 4.04 3.50
R(IV/III) 1.13 2.55 3.05 3.17

TG13, DBP/SL � 2.0 mL/g 0.5 1 2 3

R(II/I) 2.33 2.04 2.68 2.05
R(III/II) 1.18 1.15 2.08 2.42
R(IV/III) 0.69 1.22 1.80 3.19

TG9, DBP/SL � 1.5 mL/g 0.5 1 2 3

R(II/I) 3.21 3.56 3.56 1.00
R(III/II) 1.08 1.91 2.79 3.76
R(IV/III) 1.23 2.08 2.96 3.26

TG15, DBP/SL � 2.0 mL/g 0.5 1.0 1.5

R(II/I) 2.74 1.81 2.55
R(III/II) 0.75 1.14 1.52
R(IV/III) 0.51 1.42 1.91
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or 60% (v/v) in a period of 30–40 min. In other words,
the slope of the gradient was equal or close to 1.0%/
min for the columns tested. The liquid chromatograms
recorded at different flow rates for the columns
packed with the particles produced with the M/SL
ratios of 3.0 and 2.35 mL/g are given in Figures 6 and
7, respectively. The resolution values calculated on the
basis of these chromatograms are presented in Table
IV.

As shown in Figures 6 and 7 and Table IV, the
column materials obtained with the M/SL ratio of 3.0
mL/g exhibited better chromatographic performance
than those produced with the M/SL ratio of 2.35
mL/g. Among the materials produced with the M/SL
ratio of 3.0 mL/g, the particles synthesized with the
DBP/SL ratios of 1.0 and 1.5 mL/g provided satisfac-

torily high-resolution values. The particles synthe-
sized with the DBP/SL ratio of 2.0 mL/g showed
lower separation performance at both M/SL ratios.
However, the resolution exhibited a maximum at in-
termediate flow rates (mostly at 2 mL/min; Table IV).
The increase in the resolution may be attributed to the
increasing effect of intraparticular convective trans-
port with the increasing flow rate.3,8,23 The decrease
observed after the maximum point can probably be
explained by the insufficient (i.e., short) residence time
of the analyte in the column due to the high flow rate.
The column containing the particles produced with
the M/SL ratios of 2.35 and 2.0 mL/g could not be
examined at a flow rate of 3.0 mL/min because the
column pressure at this flow rate was close to the
pressure used in the packing of the column material.

The effect of the flow rate on TPN is given in Figure
8. For all columns, TPN exhibited a maximum point.

Figure 9 Effect of the flow rate on the RPH of a column
packed with particles obtained with different DBP/SL ratios
(column, 300 mm long � 7.8-mm i.d.; mobile phase � 75:25
acetonitrile/water with 0.15% TFA; UV detection at 280 nm;
analyte � albumin). The M/SL ratios were (A) 3.0 and (B)
2.35 mL/g.

Figure 10 SEC calibration curves for PS standards in THF.
The columns were packed with particles obtained with dif-
ferent DBP/SL ratios (column, 300 mm long � 7.8-mm i.d.;
flow rate � 1.0 mL/min; UV detection at 254 nm). The M/SL
ratios were (A) 3.0 and (B) 2.35 mL/g.
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The maximum TPN value was observed at relatively
lower flow rates (i.e., between 0.5 and 1.0 mL/min) for
the particles produced with the DBP/SL ratio of 1.0 or
1.5 mL/g [Fig. 8(A,B)]. For these particles, TPN mark-
edly decreased with an increasing flow rate. For both
M/SL ratios, the particles produced with the DBP/SL
ratio of 2.0 mL/g exhibited a maximum TPN value at
a higher flow rate (i.e., 2.0 mL/min). Among the ma-
terials tested, the particles obtained with the M/SL
ratio of 3.0 mL/g and the DBP/SL ratio of 1.5 mL/g
provided the highest TPNs in the flow-rate range of
0.5–2.0 mL/min [Fig. 8(A)].

The variation of RPH with the flow rate is shown for
the particles obtained with both M/SL ratios in Figure
9. The efficiency of a column packed with a conven-
tional separation medium decreases linearly with an
increasing flow rate.8 Contrary to this tendency, the
RPH of our columns exhibited a slight increase or
remained roughly constant with an increasing flow
rate, in most cases. This result can be explained by the
increasing importance of intraparticular convection
with an increasing flow rate for particles with rela-
tively larger pores. This case probably prevented a
reduction in the column efficiency, particularly for the
particles with large macropores (i.e., the ones obtained
with the M/SL ratio of 2.35 mL/g). A similar behavior
was observed for particles obtained with staged shape
template polymerization.8 Wang et al.8 reported that
the RPH of columns packed with monodisperse
poly(S-DVB) particles obtained by staged shape tem-
plate polymerization was mostly between 20 and 25.
In our case, RPHs lower than these values were, par-
ticularly in the range of 0.25–2.0 mL/min, for the
column materials synthesized with the M/SL ratio of
3.0 mL/g and DBP/SL ratios of 1.0 and 1.5 mL/g.

For the columns synthesized with different DBP/SL
ratios, the SEC calibration curves are given in Figure
10. The calibration curve of the packing material ob-
tained with the M/SL ratio of 3.0 mL/g and the
DBP/SL ratio of 1.0 mL/g was linear in the molecular
weight range of 2.1 � 103 and 5 � 106 [Fig. 10(A)]. For
particles produced with the M/SL ratio of 3.0 mL/g
and DBP/SL ratios of 1.5 and 2.0 mL/g, there were
two regions in each calibration curve. The molecular
weight of 105 was the boundary separating these two

regions. However, these curves can also be used for
the molecular weight determination in the range of 2.1
� 103 to 5 � 106. In the SEC calibration curves of the
particles produced with the M/SL ratio of 2.35 mL/g,
two different regions could be more clearly observed
[Fig. 10(B)]. In the molecular weight region of 1 � 102

to 1 � 105, the curves were reasonably sharper than
the calibration curves of the materials produced with
the M/SL ratio of 3.0 mL/g. As shown in the SEM and
TEM photographs in Figures 4 and 5, the particles
produced with the M/SL ratio of 2.35 mL/g had rel-
atively larger macropores. For this reason, these par-
ticles should not be evaluated as suitable packing
materials for the molecular weight determination, par-
ticularly in the low-molecular-weight range. In con-
clusion, the particles produced with the M/SL ratio of
3.0 mL/g and all the selected DBP/SL ratios seem
more appropriate packing materials for SEC applica-
tions in the molecular weight range of 103 to 106.

The porosity properties of the particles, calculated
on the basis of the retention volumes of the standards

Figure 11 Pore size distribution curves of the particles
calculated with the retention volumes of the standards in the
SEC study. The M/SL ratios were (A) 3.0 and (B) 2.35 mL/g.

TABLE V
Porosity Properties of the Particles Calculated with SEC

Column
code

M/SL
(mL/g)

DBP/SL
(mL/g) Dn (nm) Vp (mL/g) P (% v/v)

TG12 3.00 1.0 93 0.54 39
TG8 3.00 1.5 98 0.58 41
TG13 3.00 2.0 83 0.77 48
TG9 2.35 1.5 198 0.51 35
TG15 2.35 2.0 140 0.66 44

Dn � average particle size.
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used in the SEC study, are given in Table V. The pore
size distribution curves calculated according to the
method used by Ferreira et al.31 are given in Figure 11.
In this figure, dVe denotes the variation of Vp for an
interval in size of given pores of the particles in the
column (mL).31 VT and Dpm are the total pore volume
of the particles in the column (mL) and the represen-
tative pore diameter for the pores in certain size inter-
vals (Å), respectively.31 Therefore, the pore size distri-
bution was given by the ratio dVe/VT. As shown in
Table V, the mean pore size decreased and the poros-
ity increased as the DBP/SL ratio increased. As shown
in Figure 11(A), pores in the size range of 20–4000 Å
were found in the particles obtained with the M/SL
ratio of 3.0 mL/g. In this range, the 20- and 750-Å
pores seemed more dominant than the other sizes.
However, the existence of pores larger than 750 Å
could be clearly seen in the pore size distribution of
particles obtained with the M/SL ratio of 2.35 mL/g
[Fig. 11(B)]. On the basis of the results given in Table
V and Figure 11, we can conclude that the tendencies
observed in the SEM and TEM photographs are also
supported by the porosity characteristics determined
by SEC.

The effect of the mobile-phase (i.e., THF) flow rate
on the back-pressure is given in Figure 12. For all
packing materials, the back-pressure varied linearly
with the flow rate. At a constant flow rate, the back-
pressure decreased with an increasing DBP/SL ratio.
This case was valid for the particles produced with
both M/SL ratios. This behavior can probably be ex-
plained by the higher porosity of the packing material
obtained with a higher DBP/SL ratio. However, the
particles obtained with the M/SL ratio of 2.35 mL/g
exhibited reasonably higher back-pressures than those
with the M/SL ratio of 3.0 mL/g. To explain the high
back-pressure of the particles obtained with the M/SL
ratio of 2.35 mL/g, we examined the particles taken
from the columns with an electron microscope. This
examination showed the presence of broken particles
probably due to the pressure applied during the pack-
ing or chromatographic use. An SEM photograph of

Figure 12 Effect of the flow rate on the back-pressure of
columns packed with particles obtained with different
DBP/SL ratios (column, 300 mm long � 7.8-mm i.d.; mobile
phase � THF). The M/SL ratios were (A) 3.0 and (B) 2.35
mL/g.

Figure 13 SEM photographs of particles after chromatography: (A) TG14, including broken particles, and (B) TG8, with good
mechanical stability (original magnification � 1500�).
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the broken particles is given in Figure 13. Here, an
SEM photograph of the particles protecting their
structural integrity during the chromatographic use
(i.e., the particles with good mechanical stability) is
also included. The breaking of the particles should
result in a reduction in the column porosity, which
probably provides higher back-pressure. The presence
of craterlike pores in the particle structure may be a
reason for the poor mechanical stability of the particles
produced with the M/SL ratio of 2.35 mL/g.

CONCLUSIONS

With a relatively new polymerization method called
modified seeded polymerization, the effects of the
diluent/seed-latex ratio on the size and porosity prop-
erties of monodisperse particles were investigated.
The monodisperse macroporous particles obtained
with different M/SL and DBP/SL ratios were used as
packing materials in HPLC. RPC and SEC studies
showed that the particles produced with the M/SL
ratio of 3.0 mL/g and DBP/SL ratios of 1.0–1.5 mL/g
exhibited satisfactory chromatographic performance.

The authors sincerely thank Professor Dominique Blondeau
and Dr. Phillippe Despres for their valuable help with the
calculation of the porosity properties of the particles.
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