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Abstract

Porous polymer spherical particles for column packings in nonaqueous size-exclusion chromatography (SEC) were prepared from 1,2-
syndiotactic polybutadiene by suspension and evaporation method. The polymer microbeads obtained were crosslinked by radical reaction
between 2-vinyl groups in polybutadiene with ultraviolet radiation, to render them insoluble. These microbeads have wider chromatographic
separation width than polystyrene column packings. In addition, the polybutadiene microbeads did not show the excessive retention observed
with commercial polystyrene columns for polycyclic aromatic compounds. Therefore, a close correlation between the elution valiyme and
for polycyclic aromatic compounds was observed with polybutadiene microbeads columns.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction for separation of several compounds with similar molecular
weight, for instance oligomers.

In nonaqueous size-exclusion chromatography (SEC), On the other hand, polyolefin is as stable as PS-DVB
styrene-divinylbenzene (PS-DVB) microbeads has generallyin alkaline and acidic solution. In addition, LC supports
been used. Porous PS-DVB microbeads have been used agrepared from polyolefin are considered to show no exces-
effective LC packing materials over a wide range of{fiH3]. sive retention for polycyclic aromatic compounds due to
However, PS-DVB microbeads show abnormal adsorptions r-electron effect, since polyolefin has no aromaticity. Araki
or excessive retention for solutes such as polycyclic aromaticand coworkers moulded particles by adding polypropy-
compounds. This undesirable chromatographic behavior isrene (PP) or polyethylene (PE) melted under high pres-
derived fromm-electron effect caused by the aromaticity of sure (13-20 kg/cR) and high temperature (190—200) into
the styrene unit and divinylbenzene moiety used as crosslink-emulsifer aqueous solutiofi1,12] The PP or PE parti-
ing monomerg4—10]. These interactions result in peak tail- cles obtained were spherical and insoluble against common
ing, long retention time and peak broadening, thus applica- organic solvents, such as tetrahydrofuran, chloroform and
tions of PS-DVB microbeads to SEC have been limited. In dimethylformamide, but had no pores. Therefore, the PP and
addition, the pore size distribution for PS-DVB microbeads PE particles could be used for RPLC support, but not as SEC
obtained by suspension copolymerization is wide, resulting in packing material§l3—16]

a lowered chromatographic resolution. This is not favorable  In order to develop nonaqueous SEC packing materi-
als possessing the characteristics: (1) no abnormal adsorp-
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Fig. 1. Preparation of crosslinked PBD microbeads from 1,2-butadiene polymer.

1,2-syndiotactic polybutadiene (PBD). The porous spher- PBD microbeads crosslinking-reacted for 24 h were most
ical microbeads were prepared from PBD by suspensionfavorable as SEC column packings. The alcohol such as
and evaporation method as previously reported for cellu- methanol, 1-propanol and 1-butanol PBD microbeads was
lose[17], pullulan[18], glucomannaifil9], chitosar{20] and suitable for crosslinking solvent. Thel;, and porosity
poly (a-amino acid)21]. In addition, polyolefin microbeads increased with decreasing polarity of the solvent (polar-
(crosslinked-PBD) that were insoluble against common ity: methanol > 1-propanol > 1-butanol) used for crosslinking
organic solvents were obtained by crosslinking radical reac- reaction. On the other hand, because the PBD micorbeads

tion between 2-vinyl groups in a butadiene unit with ultravio- crosslinking-reacted in hexane was too soft, they could not

let radiation Fig. 1. In this paper, we detail their preparation be packed in column.
and SEC properties.

2. Experimental Water output

2.1. Polybutadiene sphering and crosslinking procedure N

One hundred and sixty milliliters of 5.0% (w/w) 1,2-
syndiotactic polybutadiene (PBD, RB830, JSR, Tokyo, —
Japan) (molecular weight, i.e., 100,000 for catalogue) solu-
tion in chloroform containing diethylbenzene (11.38 ml,
2 ml/gor the weight ofPBD) @S diluent was prepared. The solu-
tion was mixed with 640 ml of a 2.0% (w/w) solution of
aqueous poly(vinyl alcohol) (PVA, Gohsenol GH-20, Nippon
Synthetic Chemical Industry, Tokyo, Japan) and suspended
by stirring at 1200 rpm at 40C for 24 h. During sphering
by suspension evaporation method, 152 ml of chloroform
was gradually evaporated from the suspension particles, and

High-pressure
mercury vapor lamp

Water input

—?ﬁrag

||

reduced completely after 24 h. The particles obtained were
washed successively with 500 ml each of water, methanol
and acetone to form porous PBD microbeads. All the sol-
vents were purchased from nacalai tesque, Tokyo, Japan.
The PBD microbeads with diameters 22-4% were col-
lected using 500 mesh sifter and 325 mesh shifter. In order to

J

crosslink 2.0 g of the PBD, ultraviolet radiation was carried v O
out with a 100 W high-pressure mercury vapor lamp (UVL- \____ O
100HA, Rikokagaku, Chiba, Japan) in a stream of 20 ml/min L__/ O

of N2 gas, as shown ifrig. 2 for 2-48h and in 100 ml O L
of solvents such as methanol, 1-propanol, 1-butanol and o
hexane to render the microbeads insoluble against organic \ q

solvents. The PBD microbeads were also crosslinked by Q

radical reaction of vinyl groups using the radical initiator \Stirrer

azobisisobutyronitrile (AIBN). All of the PBD microbeads

crosslinking-reacted were washed successively with 100 mlgig. 2. Reaction apparatus for crosslinking reaction of PBD microbeads

each of water, methanol and acetone with filtering. The using UV radiation.
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2.2. Determination of double bonds in crosslinked-PBD in tetrahydrofuran were prepared using polystyrene stan-
microbeads dards: Mn; 1.32x 103, 3.25x 103, 9.24x 103, 2.85x 10%,
6.60x 10%, 1.56x 10%, 5.01x 10°, 1.13x 10°, 1.95x 1(F,

Double bonds in PBD microbeads were determined by 3.04x 10f). The elution volume is given by E4)

Wijs method[22]. One hundred and fifty milligrams of the

PBD microbeads was swelled in 10 ml of carbon tetrachloride elution volume (%): — x 100 (4)

in a 300 ml flask. After the dispersion of PBD was added to Vt

25 ml of Wijs reagent, it was allowed to stand in the dark. whereV; andV, are the total volume of the column and the

While washing the stopper with 20ml of 10% potassium elution volume of the polystyrene, respectively.

iodide aqueous solution, the solution was poured into the dis-  The elution volume values were obtained by extrapolating

persion of PBD microbeads and 100 ml of water was added. the linear part of curve. The porosity is given by E5). This

lodometry was continued until the color turned yellow, and value corresponds to the elution volume of benzene, which is

1.0% starch aqueous solution was added. Titrating continuedthe smallest molecule permeable within the reticulated matrix

until the blue decolorized. A blank test was carried out in the of PBD microbeads.

same manner. The iodine value is given in Bg.

Vbenzene— Vo (5)
1.269

ity (%)= ———— x 100
porosity (%) Vi Vo X

iodine value (%)= (B — S) x F x (1)

whereVt, Vo andVpenzene are the total volume of the column,
whereB, S, F andW are the blank value, the main value of the interstitial volume of the gel bed, and the elution volume
titration, factor of 0.1 N sodium thiosulfate and dry weight ©f the benzene, respectively. H§) is transformed into Eq.
of the PBD microbeads, respectively. The amount of vinyl (6), because the elution volume of permeable substances with
group residue in PBD microbeads was calculated from the Molecular weights fronv; to Mi.1 corresponds t¥i+1 — Vi.

iodine value using Eq2) 1
0 Vit1 — Vi
iodine value porosity (%)= Z Vv X 100 (6)

)
12691 x 2 x 100

vinyl group (molg) =

whereV; andV, correspond td/g and Vpenzenein EQ. (5),

2.3. Determination of swelling degree respectively. The pore size distribution is estimated by plot-
ting (Vi+1 — Vi)/(Vt — Vo) x 100 against the molecular weight

The swelling degree (Sd) of crosslinked-PBD microbeads of permeable substancdd;-M;+1).

obtained was determined. After the weighed crosslinked-  The linear part corresponding to the coverage of SEC sep-

PBD microbeads were soaked in organic solvents, i.e., THF aration is shown in E(7)

and benzene at 3@ for 24 h, the volume in organic solvents v

was measured. The Sd was estimated as a ratio of volumdog M = 8 — aeff ( C> (7

in organic solvents for the dry weight of crosslinked-PBD Vi

microbeads as follows: whereV is the total volume of the gel bed ang is the

Vorganic eluting volume of a substance with molecular weilyht

Sd (wet-mjdry-g) = W
0

3)
2.5. Other measurements
whereVorganicandWp are the volume in THF or benzene and
dry Weight of the crosslinked-PBD microbeads, respectively. Scanning electron micrographs of the Spherica|
microbeads were obtained using a field emission scan-
2.4. Chromatography ning electron microscope (FE-SEM) (Hitachi S-4000,
Hitachi, Tokyo, Japan). X-ray diffraction was carried out
A slurry of 2.0g of the microbeads with diameters using an X-ray Diffractometer (RINT 2000, Rigaku, Tokyo,
of 22-44um was packed with tetrahydrofuran degassed Japan).
into a stainless steel column (150 my.6 mm |.D.). The
chromatograph included a Waters 600 pump, Waters 600 con-
troller, Waters 996 photodiode array and Waters 410 refrac- 3. Results and discussion
tive index monitor. A 5ul portion of the sample dissolved
in an eluent (1.0 mg mi') was injected through a Rheodyne 3.1. Preparation of polybutadiene spherical particles
Model 7125 injector. All chromatography was carried out
at 30°C. As a reference, Shodex KF-801 as polystyrene In general, polyolefin can be obtained by Ziegler-Natta
(PS-DVB) packing was used. Polypropyrene spherical catalyzed polymerization of olefin. However, it is difficult to
microbeads (PP) packing was purchased from Sumitomomould into a spherical shape by means of conventional sus-
Seika Chemicals, Himeji, Japan. The SEC calibration curves pension evaporation or suspension polymerization methods,
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Table 2
lodine number and content of vinyl group in PBD estimated by Wijs method
UV irradiation time (h) lodine number Vinyl group (mmol/g)
0 3445 136
2 3164 125
4 3001 118
6 2696 106
8 2513 9.90
10 1974 778
12 1373 541
24 831 3.27
36 603 2.38
48 320 126

3 20 um

L 3
5.0 kv X1.30K

to prepare porous microbeads favorable for SEC packing

Fig. 3. SEM image of PBD microbeads obtained by suspension evaporation materials.
method. Table 2summarizes the amount of vinyl group in PBD

i microbeads estimated by Wijs method. The amount of vinyl
because polyolefins such as polypropylene or polyethyleneyroyp decreased rapidly to 1/2.5 in the first 12 h, and then
possess high glass transition temperature and stability againsfjecreased gradually in the next 48 h, as showFign4. The
organic solvents. Recently, polypropylene or polyethylene gmount of vinyl group in PBD microbeads decreased to 1/11
spherical beads have been obtained by emulsion methodyy Uy irradiation for 48 h. As a result, the microbeads treated
using surfactants under high temperature and pressure iy Yy jrradiation came to be insoluble in THF, DMF, and
autoclavg11,12] but itis difficult to obtal_n porous spherical  chioroform. Fig. 5 shows the X-ray diffraction patterns of
beadg13,14] We focused on 1,2-butadiene polymer (PBD) v non-irradiated PBD and irradiated PBD particles. The
containing 93mol% of syndiotactic structure, since PBD |gnger the time of UV irradiation is, the broader the reflection
possesses relatively lower crystallinity and better solubility peak is. This indicates that the crystallinity of PBD decreased
against organic solvents than polypropylene or polyethylene. gradually due to disorderly reactions between vinyl groups
Fig. 3shows the SEM images of the PBD particles obtained. \yith UV irradiation.

The PBD particles were perfectly spherical. However, PBD  The 54 of crosslinked-PBD microbeads was considered
microbeads are soluble in organic solvents such as THF, DMF depend on the polarity of solvent used for crosslinking.

and chloroform. To render them insoluble in these solvents, The Sd for benzene in the PBD microbeads crosslinked by
the PBD microbeads must be crosslinked by radical reaction yy jrradiation in several organic solvents is summarized in
between the vinyl groups of 1,2-butadiene units. Therefore, Tapje 3 The Sd of PBD in benzene increased with decrease
radical initiators azobisisobutyronitrile (AIBN) and UVirra- ¢ the polarity of solvent used. Especially, if hexane was
diation were used for radical reaction. The swelling degree sed as the dispersion solvent for crosslinking reaction, PBD
(Sd) of crosslinked-PBD microbeads against THF was inves- microbeads became soft gels, although they retained their

tigated and summarized ifeble 1 The Sd value of AIBN-  gpherical shape. This indicates that crosslinking reaction
crosslinked-PBD microbeads becomes increasing smaller

with addition of AIBN. The Sd value of PBD-5 crosslinked

by UV irradiation for 48 h is smaller than that of PBD-4 400 1 .
crosslinked by UV irradiation for 24 h. These results sug- =4
gest that crosslinking moiety increased with increasing rad- E)
ical reaction between vinyl groups. The PBD microbeads 800 =)
crosslinked using radical initiator AIBN were more swollen 5 =
than those crosslinked by UV irradiation. Therefore, we % §'
adopted the crosslinking method by UV irradiation in order c 200 >
Table 1 - k]
Swelling degree of crosslinked PBD microbeads 100 g
Microbeads AIBN (%) UV irradiation Sdor THF 50 E
time (h) (ml/dry-g)
PBD-1 5 - 115 0 0 2030 2050
EEB; ;8 : lgi Irradiation time (h)
Eggg : ig Fig. 4. Relationship among UV irradiation time, iodine number and amount

of vinyl group in PBD.
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Fig. 5. X-ray diffraction patterns of UV non-irradiated PBD and irradiated
PBD particles: (a) PBD (pellet); (b) non-irradiated PBD; (c) PBD UV-

irradiated for 24 h PBD; and (d) UV-irradiated for 48 h.

1-propanol and 1-butanol. All of the PBD microbeads are
spherical and have porous structure. Their surface struc-
ture became more markedly uneven with lower polarity of
solventused for crosslinking reaction (polarity: methanol > 1-
propanol > 1-butanol).

3.2. Porosity

SEC was carried out using a column packed with PBD
microbeads. The exclusion molecular weighit) and
porosity were determined from the calibration curve obtained
using polystyrene standards. The effects of solvents used in
crosslinking were examined in order to increase the poros-
ity in the PBD microbeaddrig. 7 shows typical calibration
curves of nonaqueous SEC for PBD microbeads (PBD-4,
PBD-6 and PBD-7) crosslinked by UV-radiation in methanol,
1-propanol and 1-butanol. Ty, values of PBD-4, PBD-

6 and PBD-7 were 1000, 5000 and 5500, respectively. The
porosities of PBD-4, PBD-6 and PBD-7 were 58, 76 and
92%. TheM;, and porosity increased with decreasing polar-
ity of the solvent used for crosslinking reaction. The affinity
to PBD increased in the order of 1-butanol, 1-propanol, and
methanol, and solvent molecules were able to permeate into
networks among polymer main chains in the order of 1-
butanol, 1-propanol and methanol. We assumed that larger
solvent domains in polymer network produced longer dis-
tances of crosslinking points among polymer chains, and thus
the degree of crosslinking was lower. Therefore, the residual
vinyl group decreased in the order of PBD-4, PBD-6 and
PBD-7, as shown iffable 3

3.3. Comparison with polystyrene and polypropyrene
column as nonaqueous SEC

Fig. 8shows typical calibration curves of nonaqueous SEC
for the PBD-7 column, PP column and PS-DVB column.
Polypropylene microbeads have no porosity, as expected.
Although theM;i,, of PBD-7 was equal to that of PS-DVB,
its porosity was two times higher than PS-DVB. The value of
aeff IS smaller for PBD-7 than for PS-DVB. This indicates that

occurred while the hexane molecules expanded their matri-PBD-7 is more applicable for separation of similar molecular
ces. In contrast, the Sd of PBD microbeads crosslinked in weights, for instance the SEC separation of oligomers.

high polar solvents such as methanol was smallest, because The value ofaef is an indication of pore size homo-
the crosslinking reaction progressed while the matrices of the geneity: the smaller the value, the more homogeneous the

high polar solvents shrankig. 6a—d show the SEM images

pore. As shown inFig. 9, the pore size distribution of

of the surface of PBD microbeads crosslinked in methanol, PBD-7 was narrower than PS-DVB. In general, PS-DVB

Table 3

Swelling degree in benzene, vinyl group estimated by Wijs methtg,

and porosity of PBD crosslinked by UV irradiation

Microbeads Solvent Sglpenzene  Vinyl group Mim  Porosity

(ml/dry-g) (mmol/g) (%)
PBD-4 MeOH 4.6 3.27 1000 58
PBD-6 ProOH 7.0 7.66 5000 85
PBD-7 BuOH 8.2 7.78 5500 92
PBD-8 Hexane - — - -

microbeads are obtained by suspension copolymerization
of styrene and divinylbenzene. The formation of porosity
used for SEC packing is carried out by addition of dilu-
ents during copolymerization. The conversion from monomer
to polymer occurs heterogeneously, because polymerizing
and nonpolymerizing domains mix in the sphering process.
Also, the addition of diluents into inhomogeneous radical
reactive solution induces partial inhomogeneization. There-
fore, the pore size distribution of PS-DVB microbeads is
large. A large pore size distribution of packing material
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Fig. 6. SEM images of the surface of non-irradiated PBD and PBD microbeads crosslinked: (a) non-irradiated PBD; (b) PBD crosslinked in metB&nol; (c) P
crosslinked in 1-propanol; and (d) PBD crosslinked in 1-butanol.

is not suitable for SEC separation of similar molecular tion homogeneously. As the chloroform in polymer solu-
weights. tion evaporated gradually, the diluent domain remained in

In contrast, using the suspension evaporation processthe butadiene polymer matrix homogeneously. As a result,
with polymer solution and diluent, the diluent domains spherical particles with narrow pore size distribution were
were considered to be distributed in the polymer solu- formed.

7 7
6 6k
5 5k
[ EC

= -

E’ 4 S 4
3r 3}
2F 2

1 | 1 1 1 1 1 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Elution volume (%) Elution volume (%)
Fig. 7. Calibration curve of nonaqueous SEC for PBO-%)(PBD-6 @) Fig. 8. Calibration curves of nonagueous SEC for PBO=)),(PS @)

and PBD-7 Q) column. Eluent, THF; flow rate, 0.5 ml/min; and column, and PP @ ) column. Eluent, THF; flow rate, 0.5ml/min; and column,
150 mmx 4.6 mm 1.D. 150 mmx 4.6 mm 1.D.
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Fig. 9. Pore size distribution for PS (a) and PBD-7 (b) microbeads.
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Fig. 10. Calibration curves of nonagueous SEC for PBO-Y) @nd PS

(®) columns, using alkylbenzenes and polycyclic aromatic hydrocarbon as
solutes. Eluent, THF; flow rate, 0.5 ml/min; and column, 150 snth6 mm

I.D.

3.4. Elution property for hydrocarbons

Fig. 10shows calibration curves of nonaqueous SEC for
PBD-7 and PS-DVB columns, using alkylbenzenes and poly-
cyclic aromatic hydrocarbon as solutes. The PS-DVB plots
divided into two groups: alkylbenzene series and polycyclic
aromatics compounds series. However, the plots of PBD con-
nectedinastraightline. The separation mechanismfor PBD is
dependent on size-exclusion effect alone, and is simpler than
separation mixed-modes suchaglectron effect and size-
exclusion effect with PS-DVB. This shows that PBD is able to
separate solutes by size-exclusion effect aléige.11shows
the plots of elution volume fa¥l,, of aromatic hydrocarbons
with PBD-7 and PS-DVB columns. Scattered plots for aro-
matic compounds of PS-DVB columns were observed. The
retention increases with the increase in number-efectrons

PS PBD

L 1
60 70 80 90
Elution volume (%)

Fig. 11. Elution volume foMj, of polycyclic aromatic hydrocarbons with PBD-7)) and PS @) columns. Eluent, THF; flow rate, 0.5 ml/min; and column,
150 mmx 4.6 mm 1.D.
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for aromatic hydrocarbons. These attributes are derived from  These favorable properties of PBD packing will enable
the aromaticity of the styrene unit and divinylbenzene moi- other applications for LC support in addition to SEC.

ety used as crosslinking monomers in PS-DVB microbeads.

These results are not satisfactory with respect to the SEC

properties. In contrast, separation of aromatic hydrocarbonsReferences
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