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SUMMARY

Porous and fluorine-containing spherical beads for column packings in high-
performance liquid chromatography were prepared by suspension copolymerization
of heptadecafluorodecyl acrylate with divinyl monomers as a cross-linking agent . The
fluorine content was easily adjustable by changing the monomer ratio . The packings
show efficient separation for fluorine-containing compounds, e.g., 5-fluorouracil and
uracil, mixtures of fluorinated steroids, etc . In addition, they are highly acid- and
alkali-resistant, show no abnormal adsorption for ionic compounds and no excessive
retention for large hydrophobic compounds . Therefore, they are applicable also to the
chromatographic separation of hydrocarbon substances . These favourable properties
are related to the low surface energy based on the higher fluorine content .

INTRODUCTION

Recently, the synthesis of fluorinated stationary phases for liquid chromato-
graphy and their specific separation behaviours based on fluorine--fluorine interac-
tions were reported . However, most fluorinated packings are of the silica-bonded
type' - . Therefore, these packings have some defects due to the matrix materials .

We have succeeded in making totally organic packings by copolymerization of
a perfluoroalkyl monomer (FA) . Although modified poly(chlorotrifluoroethylene) is
known' r', our packings have many advantages : (1) they are made by one-step
copolymerization, (2) they are spherical and uniform in size because of suspension
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polymerization and they become macroporous when a diluent is added in the process
of polymerization and (3) the content of pcrfluoroalkyl group is easily adjustable by
changing the molar ratio of FA to comonomer [for example, ethylene glycol
dimethacrylate (EGDM) as a cross-linking agent] .

In this communication we report the synthesis of perfluoroalkyl polymer
packings and the successful separation of hydrophobic or fluorine-containing
compounds .

EXPERIMENTAL

Synthesis
Heptadecafluorodecyl acrylate (FA, Nippon Oil & Fats), ethylene glycol

dimethacrylate (EGDM) or divinylbenzene (DVB) as a cross-linking agent, diethyl-
benzene (DEB) as a diluent and benzoyl peroxide as an initiator were mixed at room
temperature . The mixture was added to a 1-3% (w ; w) solution of aqueous poly(vinyl
alcohol) kept at 75°C as a suspension medium, and stirred vigorously at this
temperature for 24 h . The spherical polymers produced were collected by filtration and
washed with water, hot water and ethanol . By adjusting the stirring speed and sieving,
porous spheres of average diameters 5-10 and 25-44 p.m were obtained .

Chromatography
The spheres were packed into a stainless-steel column (10-30 cm x 0 .4 cm T.D.)

under pressure of 60-80 kg Cm - ` . The chromatograph included a JASCO 880-PU
pump, a spectrophotometer UVIDEC- 100-IV and a Shodex refracto monitor SE-51 .
An Unisil Pack (Type 5C18-250A. 25 cm x 0 .46 cm I.D ., 12 500 theoretical plate
numbers, pore size 250 A; Gasukuro Kogyo) was used as a reference column . All
chromatography was carried out in aqueous solutions at 25`C .

RESULTS AND DISCUSSION

PerjluoroalkII polymer beads
Fluorine-containing spherical beads were prepared by suspension copolymeriza-

tion under the conditions given in Table I . The beads obtained are spherical and
unevenly sized as shown in Fig . 1 . It was confirmed by elemental analysis and infrared
TABLE I

PREPARATIVE CONDITIONS AND ELEMENTAL ANALYSIS OF PERFLUORO .ALKYL
POLYMERS

No .

	

Molar ratio

	

DEB

	

Elemental analysis I% ;
FA .-EGDM: DYB

	

1 %, riv Jor -

	

-- .
Monomer ;

	

C

	

H

	

F

FA-EGDM-1 70 :30:- 100 35 .9 2 .2 53 .5
FA-EGDM 2 50 :50:- 100 39 .8 3 .2 45 .1
FA-EGDM-3 30:70:- 100 47.4 4 .7 32 .9
FA-DVB-I 70:- :30 50 36 .8 2 .2 563
FA-DVB-2 50:- :50 50 44 .2 2 .9 49 .8
FA-DVB-3 30:- :70 50 52 .3 3 .9 39 .3
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Fig . 1 . Electron micrographs of perfluoroalkyl polymer beads prepared by suspension polymerization
(FA-ECiDM-3) .

spectra (1100-1250 cm -t ) that the fluorine content of the beads increased with
increasing monomer ratio of FA to the cross-linking agent : spherical beads with higher
fluorine contents front 33 to 56% (w/w) are obtained with ease (21 .1% was reported by
Berendsen et al .' in the case of silica-based types) .
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The packings became porous by use of diethylbenzene as a diluent in the
polymerization process . Organic solvents have little influence on the degree of swelling
of FA-EGDM type beads. It was determined by gel permeation chromatography
(GPC)tfi in tetrahydrofuran that the porosity and the exclusion molecular weight of
the FA- EGDM type beads were in the ranges of 40-60% and 100 000-300 000 (for
polystyrene), respectively . However, the corresponding values were not determined for
the FA-DVB type beads because of the large swelling in tetrahydrofuran, due to the
hydrophobicity of the DVB moiety .

Chromatographic properties
Fig. 2 shows the relationship between the monomer ratio of FA and the capacity

factor, k', for benzene and hexafluorobenzene as a solute . It would be expected that an
increase in the monomer ratio of FA would lead to an increase in the k' value of
hexafluorobenzene due to the fluorine-fluorine interaction between packings and
solutes . However, as shown in Fig . 2, k' was independent of the monomer ratio . This
may be attributable to the fact that the packing density of FA groups increases with an
increase in the monomer ratio of FA, thereby causing a stronger interaction among the
fluorocarbon chains than between the fluorocarbon chains and the solutes . This is
supported by our observation that the k' value increased with an increase in the
monomer ratio of FA when the polymerization was carried out in the presence of
a co-monomer, such as propyleneglycol methacrylatc, indicating that the orientation
of the FA groups is disordered by the dilution due to the presence of the co-monomer .
In contrast, the value of k' for hexafluorobenzene is independent of the monomer ratio
of FA, but the value for benzene decreased with increasing monomer ratio . This is
attributable to a lower surface energy based on the orientation of the perfluoroalkyl
groups. The lowering of the surface energy results in an "oilproof" property, which
gives limited miscibility between hydrocarbon and fluorocarbon substances . However,
this property is not disadvantageous for chromatographic separation of hydrocarbon
substances .

The value of k' is always higher with DVB than with EGDM . This indicates that
DVB as a cross-linking agent confers sufficient aromaticity upon the packings to result
in i--it interactions"," between the packing and the solute .

Fig. 3 shows a comparison with the reversed-phase packing, octadecyl-bonded
silica gel (ODS), using perfluorinated benzenes (a) and normal hydrocarbons (b) as the
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Fig.2. Relationship between themonomerratio,{[FAI/([FA1 + [cross-linkingagentl)) -100, and the value
of k' for benzene (0) and hexafluorobenzene ( •)

on the FA-EGDM column (a) and the FA-DVB column

(b) . Mobile phase: acetonitrile- water (50 :50, v/v) .
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Fig . 3. Retention of fluorinated henzenes (a) and aromatic compounds (b) on FA-EGDM-3 (0) and ODS
(•) columns. Mobile phases : acetonitrile-water (50 :50, v/v) (a) and (90:10, v/v) (b) . Solutes : (a) benzene,
fluoro-, 1,2-difluoro-, 1,2,4-trifluoro-, 1,2,3,5-tetrafluoro-, pentafluoro- and hexafluorobenzene ; (b)
benzene, naphthalene, biphenyl, anlhrucene and pyrene.

solutes. It is clear that sufficiently large capacity factors are obtained for both types of
solutes in the case of the FA-EGDM column . In the case of the ODS column, lower
capacity factors are obtained for perfluorinated benzenes and increased retention is
observed for hydrocarbons, especially long-chain alkyl compounds, The advantages
of the FA-EGDM heads are attributable as follows : for fluorinated solutes, the
fluorine-fluorine interaction between the stationary phase and the solutes plays
a significant role in producing large capacity factors and the FA-EGDM beads
contain a sufficient amount of fluorine atoms . For hydrocarbon solutes, the ODS
packings show higher affinity than do the FA-EGDM packings . I'hercfore, the ODS
column is unsuitable for isocratic separation of solutes with significantly different
hydrophobicities and gradient elution should be applied in this case . On the contrary,
FA-EGDM packings enable chromatographic separation in the isocratic mode even
for such solutes because of the retention of large hydrophobic compounds is not
excessive . This is also title to the "oilproof" property based on the lower surface energy
of the perfluoroalkyl groups .

A similar limited miscibility between hydrocarbon and fluorocarbon substances
is observed in micellar systems . Long-chain alkyl groups are difficult to incorporate
into the micelles from a surfactant with an heptadecafluorodccyl chain, or arc
phase-separated in the micelles (Fig . 4) 19 .20

fluorocarbon

	

hydrocarbon
aicelles

	

substances

Fig . 4. Schematic illustration of the limited miscibility between fluorocarbon micelles and hydrocarbon
substances .
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Fig . 5 . Typical chromatograms using the FA-EGDM-3 column . Mobile phases and solutes : (a) water for
macil and 5-fluorouracil ; (b) methanol water (60 :40, v/v) for steroids; (e) acetonitrile-wader (50:50,
v/v) for fluorinated benzene (I = benzene, 2 = fluorobenzene, 3 = l,2-difluorobenzene, 4 = 1,2,4-
trifluorobenzene, 5 = 1,2,3,5-tetrafluorobenzene, 6 = pentafuorobenzene and 7 = hexafluorobenzenc) ;
(d) as (c) after treatment with 0 .1 M NaOH for 1 day ; (e) ethanol for perfluornalkyl alcohols
CF 3(CF2),, . i CH 2CH 2OH .
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TABLE II

RESISTANCES TO ACID AND ALKALI OF FA-EGDM-3 PACKINGS

RETENTION BEHAVIOURS FOR BASIC SUBSTANCES

Mobile phases : aeetonitrile water (80 :20, v/v) .

As shown in Figs- 2 and 3a, the FA EGDM column is highly efficient for the
separation of fluorinated compounds . Fig. 5 shows typical chromatograms for
mixtures of fluorine-containing compounds . 5-Fluorouracil, a carcinogenic substance,
could not be separated from uracil on the ODS column under the same conditions .

Resistances to acid and alkali
The FA moiety in the packings is also a typical "waterproof" group . The

FA-EGDM packings are remarkably acid- and alkali-resistant on the basis of this
property . As shown in Table 11, the packings can withstand use at pH 1 and 13 . The
chromatograms c and d in Fig. 5 show that the retention time does not change after
treatment of the column with an alkaline solution .

In addition, the FA-EGDM packings are composed of a totally organic and
non-ionic polymer . Abnormal adsorptions are often observed for ionic substances in
the ease of silica-bonded packings 21 .2z_ This is due to undesirable silanol residues in
the packing. Such adsorption behaviours are not detected with the FA-EGDM
packings (Table III) .

CONCLUSIONS

(1) Totally organic and non-ionic packings were prepared by suspension
copolymerization using pcrfluoroalkyl acrylate .

(2) The packings are spherical and the size is adjustable with ease .

So&rte

ODSFA-EGDM-3

Pyridine 0.0K 0.27
Quinoline 0.39 0.70
e-Naphthoquinolinc 1 .19 1 .66
Benzylamine 0.l8 Adsorption

(not eluted)

Time'
(day)

0.1 M HC1 (aq .) 0.1 M NaOH (eq .)

%C%C %H

0 47 .4 4 .7 47 .4 4-7
60 4' .4 4 . 7 47 .4 4 .8
124 47 .4 4 .a 47 .5 5 .t1

° Time of standing at room temperature .

TABLE III
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(3) The fluorine content of the packings is adjustable by changing the monomer
ratio .

(4) The packings enable efficient separation of fluorine-containing substances .
(5) The packings show no excessive retention for large hydrophobic hydro-

carbons .
(6) The packings are highly acid- and alkali-resistant and show no ionic

adsorption for ionic substances .
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