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Abstract. Silica monolith particles of ca 2µm size having proper particle size distribution were prepared
and modified to give polystyrene attached silica monolith particles as a new chromatographic stationary
phase of high separation efficiency. Attachment of 4-chloromethylphenylisocynate to silica particles was
catalyzed by dibutyltindichloride and the ligand was reacted with diethyldithiocarbamate to yield initiator
attached silica particles. Reversible addition-fragmentation chain transfer (RAFT) polymerization was used
to attach polystyrene layers to initiator attached silica monolith particles. This new stationary phase was
packed in a microcolumn of 0.5 mm ID and its separation performance was examined. The optimum flow
rate was found 7 uL /min in 60/40 (v/v) acetonitrile /water (0.1 % TFA). The numbers of theoretical plates
of the column (0.5 300 mm) were over 30,000.

Keywords: Ground silica monolith particles, Initiator attachment, RAFT Polymerization, Polystyrene
attached phase, High separation efficiency.

1. Introduction
The capability of porous and nonporous inorganic surface for the attachment of initiators to form
controlled polymer layers ultimately leading to organic-inorganic hybrid polymeric stationary phases have
been documented in several review articles [1-6]. Such hybrid phases can be used for chromatographic
purposes [2]. Atom transfer radical polymerization (ATRP) and reversible addition-fragmentation chain
transfer (RAFT) polymerization have been listed to be involved in preparation of such chromatographic
phases.
The detailed mechanism and application of ATRP have been introduced in some review articles [7-9].
Briefly, ATRP is activated by a surface initiator having terminal halogen on silica surface with an aid of a
catalytic mixture composed of cuprous/cupric halides and an amine base. Although some of the resultant
stationary phases prepared by ATRP showed some better separation selectivities in comparison to
conventional C18 phases, their separation efficiencies were quite lower than those of conventional C18
phases in most cases. Although formation of polymer layers upon organic monolith with ion exchange
capabilities by ATRP has also been reported in a specific study [10], inorganic silica monoliths or spheres
are the most versatile materials involved in surface modification for preparation of chromatographic media.
The detailed mechanism and application of RAFT polymerization have been introduced in several
review articles [5-6, 11-12]. Since its introduction by the group of Rizzardo et al in 1998 [13], RAFT
polymerization have been used extensively by various research groups. RAFT polymerization includes a
surface-attached initiator prepared by the reaction of sodium diehtyldithiocarbamate with a halogen
containing ligand chemically attached to inorganic surface.
According to the RAFT polymerization mechanism, the polymer chain is grown in the C-S bond located
between the spacer moiety and the diethyldithiocarbamate moiety [5-6, 11-12]. The resultant stationary
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phases prepared by making use of different halogen containing ligands have shown lower separation
efficiencies in general than conventional C18 phases.
Several studies on preparation of polystyrene attached- silica particles by RAFT polymerization have
been carried out in our laboratory [14-17]. Making initiator-attached silica particles by reaction with 3chloroprophyltrimethoxysilane and sodium diethyldithiocarbamate in sequence followed by RAFT
polymerization resulted in stationary phases of improved separation efficiency [15-17]. The polystyreneattached silica spheres
made by using 4-chloro-methylphenyIisocynate as the ligand moiety showed
somewhat inferior separation performance [14].
Preparation of ground silica monolith particles of better chromatographic separation performance than
conventional silica spheres has been another research topic of our laboratory [17-19]. We have coupled the
two research areas in a recent study to make polystyrene-attached ground silica monolith particles [17]. The
particle size of the previous studies was 3-5 µm. We have been improving the process of production of silica
monolith particles.
In this study, silica monolith particles of ca 2µm size have been prepared by a much simplified process,
and modified to give polystyrene-attached stationary phase by RAFT polymerization where the surface
initiator was made by reacting silica particles with 4-chloromethylphenylisocynate and sodium
diethyldithiocarbamate in sequence. The resultant stationary phase has shown improved selectivities and
separation efficiencies (number of theoretical plates above 30,000).

2. Experimental
2.1.

Chemicals and Materials

Glacial acetic acid, urea, polyethylene glycol (PEG) 10000, trimethylorthosilicate (TMOS), 4chloromethylphenylisocynate, sodium diethyldithiocarbamate, anhydrous toluene, tetrahydrofuran (THF),
styrene were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade methanol, acetonitrile,
acetone, and water were obtained from Mallinckrodt Baker (Phillipsburg, NJ, USA). All the reagents were
used as received. Screen frits (1.6mm diameter, 0.08mm thickness, and 0.5µm pore size) were obtained from
Valco (Houston, TX, USA). Glass lined stainless steel tubing (30cm, 0.5 mm ID, 1.6 mm OD) and silica
capillary (50 μm ID, 365 μm OD) were purchased from Alltech (Deerfield, IL, USA).

2.2.

Synthesis of Ground Silica Monolith

The manufacturing procedure for ground silica monolith was modified in this study to get ca 2 µm
particle size. 1600 mg PEG and 2200 mg Urea were dissolved in 15 mL 0.01N acetic acid in a Teflon vial,
and magnetically stirred for 10 minutes in ice/water. Then, 5mL TMOS was added, and the mixture was kept
under stirring for 40 min. The solution was incubated at 40˚C for 48 h then at 120˚C (in an autoclave) for 48
h. The residual water due to shrinkage (sol-gel process) was decanted off and the solid cake of monolith was
dried at 70˚C overnight, ground for 10min, and calcined at 550˚C for 48h.

2.3.

Synthesis of Initiator Attached Silica Monolith Particles

4-Chloromehtylphenylisocyate 130 mg was dissolved in 12mL anhydrous toluene and purged with N2
for 10min. Dibutyltindichloride 50 mg was added to catalyze the reaction. Ground silica monolith 500 mg
(calcined at 550˚C) dried at 120˚C (12 h) was suspended in it and was stirred for 10 min. Thermal treatment
of the reaction mixture was carried out at 80˚C for 50h. The product was washed with anhydrous toluene
followed by acetone, filtered and dried in a vacuum desiccator at room temperature. A solution of 350 mg
sodium diethyldithiocarbamate in 12mL anhydrous THF was sonicated for 10min followed by N2 purging for
10min. The ligand attached silica monolith particles were suspended in the solution and treated at 55˚C for
12 h. The product was thoroughly washed with THF, methanol/water (60/40, v/v %) and acetone in sequence,
filtered, dried, and kept in a vacuum desiccator overnight.

2.4.

Styrene Polymerization

A solution of 4 mL styrene in 12 mL anhydrous toluene was subjected to sonication for 10 min followed
by N2 purging for 10 min and 200 mg of initiator attached silica particles were dispersed. Radical
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polymerization was carried out under reflux at 110˚C for 30 h under N2 environment. The residual
polystyrene-attached stationary phase was washed with toluene and acetone, and dried at 60˚C overnight.
The whole procedure of polystyrene–attached silica monolith particles including initiator attachment and
RAFT polymerization was illustrated in Fig. 1.

Fig. 1. Reaction schemes: (A) attachment of ligand 4-chloromethylphenylisocynate, (B) attachment of initiator sodium
ditehylditiocarbamate, (c) styrene polymerization

2.5.

Micro Liquid Chromatography (µLC)

A 10AD pump (Schimadzu, Tokyo Japan), a Valco (Houston, TX, USA) C14W.05 injector with 50nL
injection loop, membrane degasser (Schimadzu DGU-14A), a UV-VIS capillary window detector (Jasco
UV-2075), a homemade 0.5mm I.D glass lined micro column were assembled to construct the µLC system.
The software Multichro 2000 from Youlingisul (Seoul, Korea) was used for acquisition and processing
chromatographic data. Packing of micro columns was carried out according to the procedure published [1419] with some modification. The slurry was prepared by suspending the 110 mg stationary phase in methanol
by sonication for 10 min and the supernatant was removed. This procedure was repeated thrice. The final 1.2
mL slurry (methanol + stationary phase) was fed into reservoir. A pressure of 17,000 psi for 5 min, 11,000
psi for 10 min and 8,000 psi for 30 min was applied in sequence. The stock test mix sample solution was
prepared by dissolving phenol (0.88µL), acetophenone (0.14µL), 4-methyl-2-nitroaniline (0.32 mg), benzene
(2.93µL), and toluene (1.46µL) in 1mL mobile phase and was stored at 4˚C. The sample was further diluted
for injection.

3. Result and Discussion
3.1.

Architecture of Stationary Phases

Microscopic and SEM views of silica monolith particles of previous and this study are compared in Fig.
2. The average particle size of silica monolith particles of current study was ca 2 µm as compared to previous
study (3.7 μm). The modifications of this study such as reduction of particle size coupled with catalyzed
initiator attachment have resulted in a new polystyrene-attached ground silica monolith phase that has shown
better separation performance than those of previous studies as shown in Table 1. The chromatogram of the
test mix obtained with the stationary phase of this study is given in Fig. 3. As reported in the previous studies,
the superiority of this stationary phase is owing to pseudo-core/shell like architecture of polystyrene phase
and the specific shape of silica monolith particles (bent, irregular, and oval) enabling faster mass transfer
kinetics in comparison to spherical particles as well as the reduced particle size.

Fig 2. (A) Microscopic and (B) SEM views of current study (C) Microscopic and (D) SEM views of previous study [17].
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Fig 3. The chromatogram of the test mix obtained in 60/40(v/v %) acetonitril/water (0.1% TFA) at 7 µL/min and 214
nm. The solutes eluted in the following order except for the first system peak: phenol, acetophenone, 4-methyl-2nitroaniline, benzene, toluene.
Table1: Comparative analysis of number of theoretical plates of current and previous batches of stationary phases.
Solute

Polystyrene
bound
silica
monolith
(this
study)
31000 ±200
30100 ±400

Polystyrene
bound
silica
monolith
(previous study) [17]

Polystyrene
bound
conventional
silica [17]
26000 ±500
24100 ±400

C18
bound
conventional
silica [17]

29800 ±300
28100 ±400

C18 bound silica
monolith
(previous study)
[17]
27000 ±500
26900 ±600

4-Methyl-2nitronaniline
Benzene

29600 ±250

26400 ±800

29700 ±900

22000 ±900

22100 ±800

30500 ±300

31900 ±400

29700 ±900

21800 ±400

20800 ±500

Toluene

33600 ±200

31100 ±500

24600 ±600

19500 ±800

21100 ±600

Average

31000 ±250

29500 ±220

26400 ±2300

22700 ±2500

21100 ±700

Phenol
Acetophenone

21200 ±600
20300 ±400

4. Conclusion
The modifications of this study such as reduction of particle size (ca 2 µm) of silica monolith particles
coupled with catalyzed initiator attachment have resulted in a new polystyrene-attached ground silica
monolith phase that has shown better separation performance than those of previous studies.
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