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SUBMICRON SIZED ORGANO-SILICA
SPHERES FOR CAPILLARY
ELECTROCHROMATOGRAPHY

Kimberly J. Reynolds, Luis A. Colon*

Department of Chemistry
State University of New York at Buffalo
Natural Science Complex
Buffalo, NY 14260-3000, USA

ABSTRACT

Spherical, non-porous organo-silica materials in the submicron
size range were synthesized by sol-gel processing and tested for
capillary electrochromatography (CEC). The organo-silica spheres
were prepared by copolymerization of alkyltriethoxy-silanes and
tetracthoxysilane under ambient conditions. The synthetic
approach provides silica spheres that are uniform in size (<10%
R.S.D.) and contain organic moieties (e.g., C,) ready to be used as
stationary phase for CEC, eliminating the step of stationary phase
attachment after particle fabrication. The final particle size is con-
trolled by the water concentration in the initial reaction mixture.
The particles were characterized using transmission electron
microscopy, gas adsorption, and FT-IR. Fast CEC separations with
high efficiency can be achieved using the fabricated submicron par-
ticles.
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INTRODUCTION

Developments concerning uniformly sized silica materials are of interest to
a vast audience, including those involved in ceramics research, colloid behavior,
catalysis, and chromatography. Ceramic materials can be tailored to have specif-
ic properties depending on the characteristics of the starting silica used. Study of
colloidal dispersions can yield information about the transport properties of mate-
rials in various solvents, aiding in the understanding of both the catalytic proper-
ties and the dynamics of these types of systems. Both the base silica material and
the affixed stationary phase determine retention characteristics of stationary
phase materials for chromatographic applications.

Of key importance for these types of applications is the uniformity of the
material of interest. Several different protocols for the fabrication of silica
spheres have been made available throughout the literature over the past 30
years.”? Routes to fabrication of pure silica materials include sol-gel process-
ing techniques, in which alkoxysilane precursors are hydrolyzed and condensed
to form three-dimensional silica matrices. Uniform sized silica spheres can be
produced by the hydrolysis and condensation of alkoxysilane precursors in an
ammonia/water catalyzed alcohol system, using the Stober method.' This sys-
tem has been studied in detail “* due to the control afforded over final particle
size, as well as the ease of implementation. Other methods producing uniform
silica particles include two phase emulsion-gel techniques.”*"*"” These involve
emulsification of immiscible mixtures of a silane monomer phase and an aque-
ous phase, frequently with the addition of a surfactant, to form spherical silica
products.

More recently, Unger and co-workers reported a modification of the Stober
method to fabricate porous materials from 0.1 to 2 pum diameter.” One of the
approaches followed by Unger and co-workers to synthesize porous silica parti-
cles was to copolymerize tetracthoxysilane (TEOS) and n-alkyltrialkoxysilane;
the latter serves as a porogen. The fabricated particles were then subjected to cal-
cination to remove the porogenic organic moiety of the alkysilane, which provid-
ed the materials with an increased surface area. After the material was obtained,
a post-synthesis modification was necessary to attach an organic functionality
(i.e., the stationary phase) at the surface so the particles could be used for chro-
matographic applications.”

It must be pointed out that the possibility of using the uncalcinated material
for CEC purposes was not explored. Since the fabricated particles, before calci-
nation, should include an organic moiety, they can be used as the stationary phase
without further particle treatment.

In this paper, we demonstrate that submicron organo-silica particles can be
prepared for CEC without the calcination step used by Unger and co-workers."
Since the synthesized particles already contain the stationary phase, modification
of the surface after particle fabrication is not necessary. This makes the process
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a truly one-step approach to fabricate submicron organo-silica particles for CEC.
Herein, we present the characterization of the organo-silica particles and their
potential for CEC.

EXPERIMENTAL

Reagents and Equipment

Ethanol (Fisher Scientific, Fair Lawn, NJ), ammonium hydroxide (J. T.
Baker, Phillipsburg, NJ), acetonitrile (Sigma-Aldrich, St. Louis, MO),
tetracthoxysilane (TEOS) (Aldrich, Milwaukee, WI), and n-octyltriethoxysilane
(C,TEOS) (Aldrich, Milwaukee, WI) were used as received. Test compounds for
electrochromatography were 1-hydroxypyrene, pyrene, 1-ethylpyrene, and 9-(1-
pyrene)nonanol (Molecular Probes, Eugene, OR). Tris(hydroxymethyl)
aminomethane (TRIS) and Tris(hydroxymethyl)aminomethane hydrochloride
(Fisher Scientific, Fair Lawn, NJ) were used as electrolyte in the mobile phase.
Water was purified using a Milli-Q UV Plus water purification system, which was
fed from a Milli-RO 10 Plus reversed osmosis system (Millipore, Bedford, MA).
KBr for FT-IR experiments was purchased from Fisher Scientific (Fair Lawn, NJ)
and was dried at 120°C before use.

The fused silica capillaries used to fabricate the CEC columns were pur-
chased from Polymicro Technologies (Phoenix, AZ). The capillaries were packed
with the organo-silica material using the gravitational packing method previous-
ly described.” The columns were flushed electrokinetically with acetonitrile /50
mM TRIS solution at pH=8 (80/20), which also served as the mobile phase. The
CEC experiments were performed in a capillary electrophoresis (CE) apparatus
built in-house. The test mixture was injected electrokinetically for 3 seconds at 1
kV. On column detection was performed using a laser-induced fluorescence
(LIF) detection system, also built in-house, equipped with a He-Cd laser (325
nm).

Synthesis of Particles and Characterization

The particles were synthesized by mixing 1.0 M NH,, 0.16 M TEOS, 0.007
M C,TEOS, and variable water concentration in ethanol. First, the ethanol,
ammonium hydroxide, and water were placed in a reaction vial and stirring was
initiated at a speed of at least 500-RPM. Freshly prepared mixtures of C,TEOS
and TEOS were rapidly added to the reaction vials with stirring. Within 10 min-
utes of reaction, the solution takes on a bluish appearance that develops into an
opaque white suspension. Mixing is continued until visible aggregation is
observed.
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Figure 1. TEM micrographs of two different organo-silica particles fabrication, (A) 440
nm particles magnified 10,000 times, (B) 340 nm particles magnified 20,000 times.

The silica product was washed three times with ethanol and then three times
with hexane as follows. The suspension containing the silica material was cen-
trifuged and the supernatant removed. The material was re-suspended in the wash
liquid (ethanol or hexane) and centrifuged again. The particles were dried in a
vacuum oven at 80°C for at least 24 hours.

Particle sizing was performed using a Jeol JEM 100CX transmission elec-
tron microscope (TEM). Particles were mounted by dipping copper/formvar
grids into a suspension of the particles in ethanol. Micrographs were taken at
magnifications of 10,000 to 40,000x. Sizing of at least 100 particles was done
directly from the negative. Surface area of the material was determined by gas
adsorption using a Micromeretics ASAP 2010 (Micromeritics, Norcross, GA).
The particle samples were prepared by drying for 24 hours at 80°C under vacu-
um. Nitrogen was used as the analysis gas and surface area determined by BET
analysis. FTIR spectra were collected using a Perkin-Elmer 1760X FT-IR.
Samples were prepared in KBr.

RESULTS AND DISCUSSION

Sol-gel processing has been traditionally an effective way to fabricate
purely inorganic materials; however, this process also provides a means to
produce inorganic-organic hybrid composites.” Using such an approach, our
laboratory has reported on the preparation of organic-inorganic films inside
capillary columns suitable for chromatographic applications.”” Others have
followed the use of sol-gel technology to prepare chromatographic columns,
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Figure 2. Effect of water concentration on final particle size. Other conditions are 1.0 M
ammonia, 0.16 M TEOS, 0.007 M C,TEOS in ethanol.

particularly for CEC."™ We have modified our previous sol-gel processing

method to produce spherical organo-silica particles, produced by hydrolysis and
condensation of a mixture containing n-octyltriethoxysilane (C,TEOS) and
tetracthoxysilane (TEOS) under basic conditions. The spherical organo-silica
material was prepared by mixing ethanol, ammonium hydroxide, water, and
freshly prepared mixtures of C,TEOS and TEOS, according to the procedure
described in the experimental section.

Figure 1 shows TEM micrographs of 440 and 340 nm particles as represen-
tative examples. The images indicate that the particles are spherical and uniform
in shape. The particles have a relatively low size distribution (<10% R.S.D.) and
are regular in morphology.

Controlling the conditions under which they are formed can influence the
properties of the final sol-gel processed materials (i.e., size, shape, and surface
area). In general, the rates of hydrolysis and condensation of the precursor in a
sol-gel process are dependent on the ratio of water to alkoxy groups on the silane
species. In our experiments, we kept the concentration of the silane species
constant and varied the amount of water added to the reaction mixture. The
amount of water that is added to the reaction mixture has a profound impact on
the particle size of the material produced (Figure 2). The final particle size is
controlled by the initial water concentration in the reaction mixture. We also
found that particle size is independent of mixing speed above stirbar speeds of
500 RPM (minimum speed used to mix the reaction mixtures). The batch to
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Figure 3. Particle size for three different batches of organo-silica particles. The fabrica-
tion conditions were 1.0 M ammonia, 4 M water, 0.16 M TEOS, 0.007 M C,TEOS, ethanol
as solvent.

Table 1

Surface Area of Selected Organo-Silica Particles

Particle Diameter Surface Area by
(nm) B.E.T. (m’/g)
220 10.8
330 11.1
460 10.0

batch reproducibility can be seen in Figure 3, where three different batches of sil-
ica particles were prepared (~225 nm). Table 1 indicates the surface area of three
different samples of organo-silica spheres fabricated in our laboratory. Particles
with such surface area are considered to be non-porous in nature.

The use of C,TEOS in the reaction mixture affords inclusion of octyl
moieties within the particle matrix. To confirm the incorporation of octyl species
into the material, infrared spectra were collected. In order to identify bands
that resulted from the octyl species, control samples were fabricated under
identical reaction conditions with the exception that C, TEOS was not added to
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Figure 4. FTIR spectra of (A) organo-silica material and (B) bare silica fabricated by the
sol-gel processing.

the reaction vessel. The spectra obtained from the organo-silica were compared
with spectra obtained from these control samples (Figure 4). The absorption band
evident in Figure 4A (C,TEOS/TEOS composite) at 2928.0 cm™ is indicative of
an aliphatic stretch, and is notably absent in Figure 4B (TEOS composite). This
indicates the presence of the C, aliphatic species in the silica particles fabricated
by our dual-precursor system.

Organo-silica is of considerable interest in the field of liquid chromatog-
raphy, as it is the most commonly used packing support material for the sta-
tionary phase. Reports providing modification of pure silica particles with
organic moieties are numerous in the literature.” Frequently, these modifica-
tions are several step processes which can be quite time consuming as well as
labor intensive.

It is relevant to indicate that the material produced by the above-mentioned
procedure already contains the stationary phase in place. Contrary to the
approach of Unger and co-workers,”” we do not perform calcination. Although
the result is a non-porous material, there is no need for particle modification and
it is suitable for use in CEC.



10: 11 24 January 2011

Downl oaded At:

168 REYNOLDS AND COLON
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Figure 5. Electrochromatogram of a test mixture separated by CEC on a 50 pm i.d. col-
umn packed with 450 nm organo-silica particles. Separation conditions: total column
length = 34.5 cm, separation length = 12.7 cm. Mobile phase = 80% acetonitrile 20% 50
mM Tris (pH = 8), injection = electrokinetic, 3 s @ 1 kV, detection using LIF with 325 nm
excitation, separation voltage = 27 kV. Peak identification: (1) 1-hydroxypyrene, (2)
pyrene, (3) 1-ethylpyrene, (4) 9-(1-pyrene)nonanol.

The potential use of submicron packing material in liquid chromatography
has been hindered in the past by the availability of such materials and by the
high pressures required to drive solvent through the packed bed. The particles
fabricated by our sol-gel process can be used to study the submicron particle
regime in liquid chromatography using capillary electrochromatography (CEC),
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Figure 6. Plot of plate height versus linear velocity for 9-(1-pyrene)nonanol.

which uses electroosmosis to drive the solvent through the column.”® This
approach has been followed independently by Unger and our laboratory.”
Using a capillary column packed with particles fabricated by our synthesis
process a mixture of probe compounds were separated. Figure 5 shows the sep-
aration of 4 pyrene derivatives in a column packed with 450 nm organo-silica
particles containing the C-8 moiety as the stationary phase. The octyl groups
introduced during the particle synthesis serve as the stationary phase and afford
separation of the analytes. Notice that the linear velocity on the separation shown
in Figure 5 is about 2.1 mm/s. The separation was achieved in a relatively fast
analysis time. Even though our material is nonporous, this linear velocity com-
pares very favorably with the 2.8 mm/s reported by Unger and co-workers on
porous 0.5um particles (calculated from the thiourea peak in Figure 7 of reference
24). We can speculate on the relatively similar linear velocities in columns
packed with the porous material and our nonporous particles as follows. Free
silanol groups at the particles surface are responsible for generation of EOF. The
velocity in the porous material can be affected by the lack of free silanol groups
contributing to the EOF. This can be due to double layer overlapping inside the
pores and/or because of a decrease in free silanol groups inside the pores after the
calcination treatment. Our results indicate that higher surface area does not con-
tribute significantly to the generation of EOF.
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The theoretical plates obtained in the column packed with 450 nm C.-
organosilica particles varied between 370 000 (hydroxypyrene) and 480 000 (9-
(1-pyrene)nonanol) plates per meter. These efficiencies are slightly higher than
those observed by Unger and co-workers using similar sized porous materials.
Figure 6 shows a plot of plate height vs. linear velocity for 9-(1-pyrene)nonanol
(the most retained compound). It is obvious that under our experimental condi-
tions, a minimum on the plot has not been achieved. We are limited by our CEC
system, which can only provide voltages up to 30 kV. A higher voltage should
provide for an even faster separation and should also approach the minimum in
the plate height vs. linear velocity curve.

CONCLUSION

Ammonia catalyzed hydrolysis and condensation of mixtures of C,TEOS
and TEOS produce sub-micron sized organo-silica spheres of uniform size and
shape. The synthesis is a truly one-step, relatively facile procedure performed
at ambient conditions that produces particles where the stationary phase is an
inherent part of the particle. These organo-silica particles are suitable for
CEC, without further modifications (e.g., calcination to enhance surface area
and then attachment of stationary phase). The CEC results showed that the
performance of the non-porous organosilica particles is comparable to the per-
formance reported for porous materials of similar size.” Therefore, the less
time consuming approach presented here is recommended for the fabrication
of submicron sized particles for CEC. A C, stationary phase was used here;
however, the synthetic approach can be modified to incorporate other selectiv-
ities.
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