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Abstract

Five different reversed-phase materials for high-performance liquid chromatography were obtained by deposition of
poly(methyloctylsiloxane) in HPLC silica particles, followed by immobilization using different processes: thermal treatment
(120 or 220°C for 4 h), irradiation with microwaves (495 W for 15 min), v radiation (dose of 80 kGy) and
self-immobilization. These phases were characterized by gel permeation chromatography, percent carbon, **C and *°Si
solid-state nuclear magnetic resonance spectroscopy, infrared spectroscopy, thermogravimetric analysis and scanning
electron microscopy. The results show that the different immobilization processes produce different physical characteristics
in the prepared phases. [ 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

At present, reversed-phase high-performance lig-
uid chromatography (RP-HPLC) uses, aimost exclu-
sively, columns packed with porous silica supports
onto which organic groups are chemically bonded
through a siloxane bond. The most used stationary
phases have aliphatic chains containing eight or 18
carbon atoms (C; and C,;). Although there are
several different procedures described in the litera
ture for the formation of a chemically bonded layer
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on the silica surface, the most used is the silanization
reaction starting with bare activated slica and a
chloro or alkoxysilane [1-6]. One problem with
these stationary phases is related to the non-uni-
formity of the resulting surface, characterized by the
presence of residual silanol groups [7,8], metal
impurities [9,10] and ionic sites [11], that alter the
retention mechanisms of the different types of solute
compounds during a chromatographic separation.
The instability of the silica support in the presence
of acidic and basic mobile phases is aso a problem
because, through slow chemical reactions, the
stationary phase can be dissolved in the mobile
phase, promoting loss of the silica and, consequently,
collapse of the column bed [12,13]. Severa methods
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have been employed to improve the stability of the
chemically bonded phases; among them are: end
capping [14], encapsulation [15,16], introduction of
voluminous groups (sterically protected phases) [17],
or the promotion of a polymeric immobilized mono-
layer, obtained by controlled crosslinking on the
support surface (horizontal polymerization) [18—21].

In recent years, covering of oxide supports with
polymers has been described as an alternative meth-
od for the preparation of stationary phases for RP-
HPLC [22]. The main advantages of phases with
monolayers of polymer, compared to phases consist-
ing of smaller chemically bonded functional groups,
are: higher coverage of the active sites of the support
and the possibility of greater selectivity of the
stationary phase by the appropriate choice of poly-
mer. This selectivity is influenced by the nature and
amount of functional groups in the chains of the
polymer, the distribution of the polymeric film and
the specific surface area and pore structure of the
support.

There are several types of polymeric coverings of
the support. One of the most common is obtained by
a physical adsorption of a pre-synthesized polymer
having a well defined chemical composition. Alter-
natively, a polymer can be introduced by the in situ
polymerization of monomers [22]. The principal
disadvantage of phases based on adsorbed polymeric
coverings are their lower stability, which can be
improved with the immobilization of the polymer
onto the support. In both cases these polymers can be
immobilized by crossinking induced by peroxide
[22-27], thermal treatments [24,28] or -y radiation
[22,23,29-31].

With the objective of evaluating different im-
mobilization procedures, we have prepared stationary
phases by the deposition of poly(methyloctylsilox-
ane) (PMOS) in the pores of HPLC silica, followed
by immobilization using several different processes:
thermal treatment (120 or 220 °C for 4 h), irradiation
with microwaves (potency of 495 W for 15 min) or
radiation (dose of 80 kGy) and self-immobilization
[32].

The immobilized phases prepared in this work
were characterized by percent carbon, gel permeation
chromatography (GPC), *C and **Si solid-state
cross-polarization magic angle spinning nuclear mag-

netic resonance spectrometry (CP-MAS-NMR), in-
frared spectroscopy (IR), thermogravimetric analysis
(TGA) and scanning electron microscopy (SEM).

2. Experimental
2.1. Materials

The chromatographic support used to prepare the
stationary phases was spherical Kromasil silica (Eka
Nobel) having a mean particle diameter of 5 pm,
0.89 ml g~ * specific pore volume and 330 m* g~ *
specific surface area.

PMOS (product PS-140), number-average molar
mass M, 6200 and weight-average molar mass M,,
16 000, was obtained from Petrarch-Hulls America,
while toluene (HPLC-grade) from Merck and hexane
(analytical-reagent grade) from Mallinckrodt were
used as solvents. Distilled, deionized water (Milli-Q
Plus, Millipore) was used throughout.

2.2. Preparation of the stationary phases,
SO,(PMOS)

The silica was dried in air at 150 °C for 17 h. It
was then added to a 10% (w/v) solution of PMOS in
hexane in the proportion of 1.22 g PMOS to 1 g
silica. The mixture was stirred for 3 h at 40°C and
the solvent was then alowed to evaporate, without
stirring, at 40 °C.

The stationary phase obtained by evaporation of
the solvent was divided into five portions. Each
portion was submitted to a different procedure for
polymer immobilization: (1) thermal treatment at
120°C for 4 h; (2) thermal treatment at 220 °C for 4
h; (3) irradiation with microwaves (potency of 495
W for 15 min) in a Model QWave 3000 Questron
microwave oven; (4) irradiation with v radiation to a
dose of 80 kGy, carried out under air in glass
ampoules with a commercial Cobalt-60 irradiator
(IBRAS-CBO, Campinas, Brazil); and (5) self-im-
mobilization by storage in air at room temperature
(22x1°C) for 30 days.

After each immobilization procedure, excess
PMOS (not immobilized) was extracted from the
stationary phases by passing hexane at 0.5 ml min~*
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flow-rate for 4 h at ambient temperature. The phases
were then dried (40 °C for 12 h) and stored in closed
containers until needed.

2.3. Characterization of stationary phases

2.31. Percent carbon

The percent carbon of the SIO,(PMOS) phases
was obtained through elemental analysis before and
after polymer immobilization to evaluate the loading
of each stationary phase. These determinations were
made with a Model 2400 Perkin-EImer CHN ana-
lyzer.

232 Gel permeation chromatography of the
PMOS extracted from the stationary phases

The different PMOS samples extracted from the
stationary phases were anayzed by GPC to de
termine if there was degradation or crosslinking of
the chains during the different immobilization pro-
cesses, assuming the changes in the GPC curves
represent changes in the extracted PMOS after the
immobilization process. The GPC was performed in
a Waters chromatograph equipped with a model 510
pump, model 410 refraction index detector, model
UeK injector and Millenium software for data acqui-
sition. The conditions of the analyses were: coupled
Ultrastyragel 50 and 100 nm (Waters) columns; an
injection volume of 150 wl; with both columns and
detector at 40 °C. Toluene was used as the mobile
phase at a flow-rate of 1.0 ml min~*, while the
injected solutions were prepared at concentrations of
0.5% (v/v) in toluene.

2.3.3 Thermogravimetric analysis

The thermal stability of the immobilized and non-
immobilized stationary phases was studied using
samples of approximately 10 mg, with a heating rate
of 10°C min" " in an ar atmosphere, with a TA
model TGA-2050 instrument.

2.34. Infrared spectroscopy

The IR spectra were obtained using a Perkin-
Elmer model FT-IR 1600 to evaluate the presence of
residual silanols and possible alterations caused by
the different immobilization procedures.

2.3.5. Nuclear magnetic resonance

The stationary phases were analyzed by solid-state
CP-MAS-NMR (**C and *Si) to evauate the pos-
sible interactions between the support and PMOS
and the chemical aterations caused by the different
immobilization processes.

The *C CP-MASNMR spectra were obtained
using a Bruker DSX 200 instrument. MAS was
carried out with 4 mm double bearing ZrO, rotors
and spinning rates of 10 000 Hz. The proton 90°
pulse length was 7 ps, the contact time and delay
time were 3 ms and 3 s, respectively. The line
broadening used was 10 Hz.

The *°Si CP-MAS-NMR spectra were collected on
a Bruker ASX 300 NMR spectrometer. Representa-
tive samples of 200—250 mg were spun at 3500 Hz
using 7 mm double bearing ZrO, rotors. The spectra
were obtained with a cross-polarization contact time
of 5 ms. The pulse interval time was 1 s. Typically,
1.5 k FIDs with an acquisition time of 30 ms were
accumulated in 1 kilobyte data points and zero-filling
to 8 kilobytes prior to Fourier transformation. The
line broadening used was 30 Hz and the spectral
width for all spectra was about 20 kHz.

2.3.6. Scanning electron microscopy

A morphological study of the immobilized station-
ary phases was made through micrographs of the
particles with X1500 magnification. The samples
were sputter-coated with gold and then examined by
a JEOL model JSM-T300 scanning electron micro-
scope at 20 kV.

3. Results and discussion
3.1. Percent carbon, loading and specific mass

The immobilized and non-immoabilized stationary
phases were submitted to elemental analysis. The
phase loadings (Table 1) were obtained from the
percent carbon through the following equation:

loading = (Mpy 05/ Msp) - 100

where mg, is mass of the stationary phase=mgg,+
Mepyvos: Memos 1S Mass of the PMOS= (%Cg,-mgp)/
62; 62 is constant, considering that 62% of the total
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Table 1

Percent carbon, percent loading and specific masses of the non-immobilized and immobilized—extracted stationary phases

Stationary phase

Not Heated at: Irradiated with: Self-
immobilized 220°C 120°C Microwaves v Radiation immobilized

Percent 33.7 210 145 95 124 58

carbon

Loading 54 34 23 15 20 9

(%)

Specific 119 051 0.30 0.18 0.25 0.10

mass

mass of PMOS is carbon; %Cg, is measured percent
carbon of the stationary phase, while the specific
mass of polymer on the silica is obtained from:

m = specific mass = %Cgp /(62 — %Cqp)

The non-immobilized stationary phase presented a
high loading because this phase was not submitted to
an extraction process to remove excess PMOS. Of
the immobilized phases, the thermally treated ones
presented the higher loadings. The phases irradiated
with microwaves and v radiation presented inter-
mediate loadings and the self-immobilized phase
presented the lowest loading. Thus, the different
processes of polymer immobilization promoted
stationary phases with varied loadings. The most
effective process of immobilization was heating for
220°C for 4 h, from which 63% of the initia
polymer was retained, while the self-immobilized
stationary phase retained just 17% of the initia
polymer.

32 Gel permeation chromatography of the PMOS
extracted from the stationary phases

The polymers extracted from the immobilized
stationary phases were submitted to analysis by GPC
and the chromatograms obtained are shown in Fig. 1.
All the polymers extracted after the immobilization
processes presented the same profile as pure PMOS
(without treatment), indicating they did not undergo
structural alterations, except for the polymer ex-
tracted from the stationary phase heated at 220 °C for
4 h. In this case, significant degradation of the
polymer is suggested since a peak of smaller molar

mass is present at 17 min that does not appear in the
other chromatograms. This suggests that the only
immobilization process that promotes significant
breaking of the PMOS chains is the thermal treat-
ment at 220 °C for 4 h.

3.3 Thermogravimetric analysis

The thermograms of bare silica and immobilized
and non-immobilized stationary phases are shown in
Fig. 2. The curve for bare silica (Fig. 28) indicates
only the loss of adsorbed water in the temperature

Detector response
?

Time (min)

Fig. 1. GPC chromatograms of: (& pure PMOS; and PMOS
extracted from SiO,(PMOS) stationary phases immobilized by:
(b) heat treatment at 220 °C for 4 h; (c) heat treatment at 120 °C
for 4 h, (d) microwave irradiation; (e) +y irradiation; and (f)
self-immobilization.
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Fig. 2. Thermogravimetric curves of: (a) bare silica; and non-
immobilized and immobilized—extracted SiO,(PMOS) stationary
phases: (b) heat treatment at 220 °C for 4 h; (c) heat treatment at
120°C for 4 h; (d) microwave irradiation; (€) vy irradiation; (f)
self-immobilization; and (g) not immobilized.

range studied. For the stationary phase treated at
220°C (Fig. 2b), a loss of mass starts near 280 °C,
since more volatile compounds were already re-
moved during the thermal treatment. In this case, the
resulting PMOS was thermally more stable due to
significant structural modification, as also shown by
GPC and NMR. The other curves (Fig. 2c—g) show
loss of mass near 215°C, related to breakage of
Si—O bonds, with the consequent formation of the
volatile cyclic polysiloxanes of low molar mass,

and/or the breakage of the bonds along the aliphatic
chains of the polymer and the formation of volatile
gaseous products [33,34].

The loss of mass for all stationary phases in the
temperature range studied was proportional to the
amount of immobilized polymer in the samples
(Table 2). Thus, the non-immobilized sample (Fig. 2
0) presented the largest loss and the self-immobilized
stationary phase the smallest loss (Fig. 2f).

34. Nuclear magnetic resonance and infrared
spectroscopy

Fig. 3 shows the **C CP-MAS-NMR spectra of
the immobilized and non-immobilized stationary
phases. The methyl group directly attached to the
siloxane backbone (C—a) causes a signal at 0 ppm,
that was greater in the phase treated at 220 °C (Fig.
3a), showing that there was increase in the formation
of S—C bonds with this immobilization process.
This stationary phase also showed signals at approxi-
mately 180 ppm and between 60 and 80 ppm,
probably related with the formation of bonds of the
type O=C-OH, CH-OH and CH,—OH during the
thermal treatment.

The other **C spectra do not present evidence of
the formation of new bonds in the stationary phases.
For dll stationary phases the carbon atoms of the C,
chain (C, to Cg) show resonances in the range from
15 to 40 ppm.

The formation of the C=0 bond in the stationary
phase thermally treated at 220 °C was confirmed by
the intense band in the infrared spectrum near 1700
cm*, which does not appear in the spectra of any of
the other samples (Fig. 4). The band characteristic of
silanols (shoulder at 975 cm™*) was more intense in
the spectrum of the self-immobilized sample (Fig.

Table 2
Percentage loss of mass during thermogravimetric analysis from 25 to 935 °C of non-immobilized and immobilized—extracted stationary
phases
Stationary phase
Not Heated at: Irradiated with: Self-
immobilized 220°C 120°C Microwaves v Radiation immobilized
Loss of
mass (%)
(25-935°C) 36 23 21 14 18 9
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Fig. 3. **C CP-MASNMR spectra of non-immobilized and
immobilized—extracted SiO,(PMOS) stationary phases: (a) heat
treatment at 220 °C for 4 h; (b) heat treatment at 120 °C for 4 h,
() microwave irradiation; (d) vy irradiation; (€) self-immobiliza-
tion; and (f) not immobilized.

4e) while the thermally treated samples show little or
no absorption related to silanol (Fig. 4ab). This
shows that the amount of silanols in the stationary
phases decreases with the increase of the loading
promoted by the different immobilization processes.

The *°Si CP-MAS-NMR spectra of the immobil-
ized and non-immobilized stationary phases are
shown in Fig. 5. All dtationary phases presented
signals a —22 ppm related to resonances of the
polysiloxane backbone (D*). In the immobilized
stationary phases, signals of D', D, D* and M
groups can be detected, except for the self-immabil-
ized phase (Fig. 5¢). The signals D* and D}, may be
explained as due the breaking of some S—O-Si
bonds of the siloxane chain by the immobilization
processes and the signa in the range of —20 ppm
(D* groups) can be attributed to the formation of
short loops [35]. Some of the PMOS chains are
loosely attached or physically adsorbed (D groups)
while other are chemically bonded (D* groups). The
absence of these signals in the self-immobilized
phase shows that this process is not efficient for the
immobilization of PMOS on Kromasil silica, al-
though such signals have been observed in stationary
phases produced by adsorption of PMOS on Davisil
silica [32]. This may be related to the presence of a
higher number of reactive sites on the irregular
Davisil silica, which presents higher amounts of
trace metals and a much higher acidity, as compared
to high purity, low acidity Kromasil silica

The signals of T° groups occurring at —65 ppm
and T2 groups at —55 ppm in the heated samples
(Fig. 5a,b) increase significantly with the increase of
the thermal treatment temperature. These signals
appear as a function of the decrease of the Q” and Q°
signals (between —80 and —100 ppm), which
correspond to the superficial silanol groups of the
silica that are eliminated during the formation of
chemical bonds between two silanol groups and
between PMOS and the surface of the support. The
Q" signal was not altered because it is related to the
siloxane bonds of the bulk silica structure. Therefore,
it can be concluded that a reaction between the
polysiloxane backbone and the support material or a
reaction within the polysiloxane chain has taken
place as a result of the immobilization processes. A
schematic model that suggests what might happen in
the immobilization processes is shown in Fig. 6.

Summarizing; the thermal treatment at 220 °C for
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Fig. 4. IR spectra of the non-immobilized and immobilized—extracted SiO,(PMOS) stationary phases: (8) heat treatment at 220 °C for 4 h;
(b) heat treatment at 120 °C for 4 h; (c) microwave irradiation; (d) v irradiation; (€) self-immobilization; and (f) not immobilized.

4 his the most efficient process for promoting bond
formation (immobilization) of PMOS onto Kromasil
silica and self-immobilization is the least effective
process. This observation confirms the results seen in
the percent carbon determinations (Table 1).

3.5. Scanning electron microscopy

The micrographs of the immobilized stationary
phases are shown in Fig. 7. The stationary phase
treated at 220°C (Fig. 78) presented an agglomera-
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Fig. 5. *Si CP-MAS-NMR spectra of non-immobilized and immobilized extracted SiO,(PMOS) stationary phases: (8) heat treatment at
220°C for 4 h; (b) heat treatment at 120 °C for 4 h; (c) microwave irradiation; (d) v irradiation; (e) self-immobilization; and (f) not
immobilized.

tion of particles, due to great amount of polymer of this polymer external to the silica particles
immobilized in this phase, even after being sub- suggests that this stationary phase will probably not
mitted to extraction of excess PMOS. The presence present good results in chromatography. The other
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Fig. 6. Schematic model for the immobilization processes.

stationary phases (Fig. 7b—e) show separated, spheri-
cal particles, indicating that extraction with hexane
was efficient in removing excess superficial PMOS
from these phases.

4. Conclusions

The basis for using different immobilization pro-
cesses is related to their properties and the possible
interactions with the polymer and the chromato-
graphic support which they may induce. Gamma

radiation is a high energy electromagnetic radiation
that can produce ionization along with the formation
of free radicals. Microwave radiation is a type of
non-ionizing energy that causes molecular movement
by phenomena such as ionic migration and dipolar
rotation. Material exposed to microwave radiation
undergoes a very fast heating, which can produce
free radicals. Thermal treatment normally involves
lower energy interactions without production of ions
or free radicals. Self-immobilization at ambient
temperature [32] may involve interactions of even
lower energy. Thus, immobilization does not neces-
sarily involve high energy reactions (ionization and
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a) b)

Fig. 7. Micrographs of non-immobilized and immobilized—extracted SiO,(PMOS) stationary phases: (8) heat treatment at 220 °C for 4 h;
(b) heat treatment at 120 °C for 4 h, (c) microwave irradiation; (d) v irradiation; and () self-immobilization.
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free radicals), sow immobilization at low tempera-
tures apparently can give similar results.

The percent carbon determinations show that the
thermally treated stationary phases retained the
largest quantity of polymer. The phases irradiated
with microwaves or -y radiation had intermediate
loadings and the self-immobilized phase presented
the lowest loading. The stationary phase treated at
220°C is more thermally stable than the other
immobilized phases because the PMOS chains were
chemically altered during the immobilization pro-
cess, as confirmed by GPC and NMR spectra. The
S CP-MASNMR spectra of the immobilized
samples showed signals characteristic of bonded
polymer, except for the self-immobilized sample,
which did not present these signals. The large
amount of immobilized PMOS produced by the
treatment at 220 °C promoted agglomeration of the
particles and this phase possibly will not present
good performance as a packing material. All the
other phases show separate spherical particles in
SEM, suggesting that they may show good chro-
matographic performances.
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