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Abstract

Octadecylsilylated silica gels (ODSs) that were end-capped by high-temperature silylation (HTS) were shown to be
effective in the elimination of the undesirable secondary interaction with chelating compounds. ODSs prepared from
high-purity or low-purity silica gel treated with HCl, or untreated, were end-capped by HTS or by liquid-phase silylation.
ODSs that were end-capped by HTS and prepared from high-purity silica gel treated with HCl showed little secondary
interaction with chelating compounds. The secondary interaction with pyridine was eliminated by HTS, regardless of the
purity of the base silica. HTS also improved the stability of packing material at high pH, by reducing the dissolution rate of
the base silica, and prevented hydrolysis of the bonded phase at low pH values.  1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction since ODS prepared from silica gel containing large
amounts of metal impurities shows strong peak

In high-performance liquid chromatography tailing of basic analytes and chelating compounds,
(HPLC) using octadecylsilylated silica gel (ODS), metal impurities in silica gel are also regarded as a
the main factor in retention is the hydrophobic cause of the secondary interaction [4,5]. It has been
interaction between analytes and stationary phases reported that metal impurities on the surface of silica
[1]. However, a secondary interaction due to residual gel form active centers of adsorption [6], while metal
silanol groups on the ODS affects the retention and impurities have been considered to change the
the peak shape of some analytes [2,3]. Moreover, acidity of silanol groups on the silica gel [7–10]. It

has been reported that binary metal oxides, such as
silica–alumina, have surface acidity [11], which
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TMHPLC of chelating compounds shows that they packed column, L-column ODS, is available on
sometimes interact directly with the metal impurities the market. The IR spectrum of the ODS revealed
on ODS. In such cases, the interaction is eliminated that HTS achieves very high surface coverage. Since
the addition of either metal ions [15] or chelating this high surface coverage inhibits solutes from
reagents [16,17] to the mobile phase. However, the approaching the surface of the base silica, HTS is
additives in the mobile phase interfere with UV expected to reduce the effect of the metal impurities
detection at low wavelengths and with liquid chro- and to improve the stabilities of the stationary phase
matography–mass spectrometry (LC–MS) analysis. and the end-capping groups against hydrolysis. In the

It is therefore necessary to remove the metal present study, ODS was prepared from high-purity
impurities from silica gel. Silica gel is treated with silica gel and was end-capped by HTS, and its
acids prior to octadecylsilylation [18]. Verzele et al. characteristics were examined.
[19] recommended boiling the silica gel with 1 M
HCl, to eliminate the metal impurities in it. Treat-
ment of silica gel with EDTA [12] and treatment of
ODS with a mixture of methanol and HCl (60:40, 2. Experimental
v/v) [4] were also reported. However, treatment with
HCl cannot remove the metal impurities adequately
[5,19]. It was recently revealed that the use of 2.1. Reagents and materials
high-purity silica gel is effective in diminishing the
undesirable secondary interaction [5,20,21], whereas All silicon chemicals were purchased from Shin-
it has been reported that high-purity silica gel also etsu Chemicals (Tokyo, Japan). The solvents used as
contains active acid silanol groups [12]. Preparations mobile phases for HPLC were of HPLC grade from
of packings by polymer coating [5] and with a Wako (Tokyo, Japan). Hydrofluoric acid and nitric
trifunctional silylating reagent [22] were also re- acid were of trace analysis grade from Kanto Chemi-
ported for the elimination of undesirable effects of cals (Tokyo, Japan). The low-purity silica gel used

˚the metal impurities. However, these methods cannot was Develosil (particle size, 5 mm; pore size, 115 A
2completely eliminate the secondary interaction and surface area, 350 m /g) from Nomura Chemi-

[5,22]. cals (Seto, Japan). The high-purity silica gel used
˚Another disadvantage of silica-based stationary was MSgel (particle size, 5 mm; pore size, 120 A

2phases is that modifier groups, such as alkylsilyl and surface area, 350 m /g) from Dokai Chemicals
groups, and base silica are easily hydrolyzed in (Kitakyushu, Japan). The silica gels were heated in
aqueous solution [23–26]. Several reports are 20% HCl at 1008C for 16 h, washed with water until
concerned with hydrolysis of bonded phases in low- free of acid, and dried under vacuum at 1408C.
pH mobile phases with trifluoroacetic acid [27–31].
The hydrolysis reaction can be prevented through the
steric hindrance effect of the modifier groups; this 2.2. Determination of metal impurities in silica
effect is provided by more bulky or longer-chain gels
modifier groups [28,29,32], by increasing the amount
of modifier groups [31], by sufficient end-capping Water (5 g) was added to 1 g of silica gel in a
[33] or by polymer coating of silica [5,34]. In PTFE beaker. A 5-ml volume of a 50% aqueous
addition, high-purity silica [20] and pretreatment of solution of hydrofluoric acid was added to the silica
the silica support [35,36] also improve the hydrolytic gel to dissolve it. The solution was heated on a hot
stability. plate and evaporated to dryness. The residue was

Previously, we showed that the secondary inter- dissolved using 0.25 ml of conc. HNO and the3

action caused by the residual silanol groups is solution was made up to 25 ml with water. The final
eliminated by end-capping the ODS by high-tem- solution was analyzed using an inductively coupled
perature silylation (HTS) [37–41]. The ODS end- plasma mass spectrometer (PMS200, Yokogawa
capped by HTS is commercially produced and its Analytical Systems, Tokyo, Japan).
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Table 22.3. Preparation of ODS
Carbon content of ODSs and end-capped ODSs

aSilica Treatment of silica Carbon content (%)Silica gels that had been dried under vacuum at
1408C for 8 h were silylated with octa- ODS End-capped ODS
decyltrichlorosilane by refluxing in toluene in the b cLPS HTS
presence of pyridine, and the residual chloro groups

1 2 18.25 19.68 18.34were hydrolyzed to give ODSs. Then, end-capping of
2 HCl 17.19 18.26 17.61

the ODSs by HTS was performed using 1,3-di- 3 2 17.07 18.26 16.84
methoxytetramethyldisiloxane (DMTMDS) or hexa- 4 HCl 16.75 17.74 16.65
methylcyclotrisiloxane (D ) in a glass ampoule at a3 Compare with Table 1.

b3608C for 24 h. End-capping of the ODSs by liquid- Liquid-phase silylation with HMDS.
cphase silylation (LPS) was performed with hexa- High-temperature silylation with DMTMDS.

methyldisilazane (HMDS) under refluxing conditions
in toluene. Details of the octadecylsilylation of silica
gels and of the end-capping of the ODSs have been silica gel treated with HCl was less than that of the
given previously [40]. ODS prepared from untreated silica gel.

2.4. Chromatographic measurements 3.2. Chromatography of chelating compounds

The prepared ODSs were packed into stainless Oxine and hinokitiol were used to evaluate the
steel tubes (15034.6 mm I.D.) by a high-pressure effect of metal impurities on the chromatography of
slurry-packing procedure. The HPLC system con- chelating compounds. The structures of these com-
sisted of a pump (LC-10AD, Shimadzu, Kyoto, pounds are shown in Fig. 1. Theophylline and
Japan), a UV detector (SPD-10A, Shimadzu), a data benzene were used as references for these com-
processor (C-R7A, Shimadzu) and an injector (model pounds, respectively, and the separation factors (a)
7125, Rheodyne, Cotati, CA, USA). Uracil was used of the chelating compounds and the references were
as a void volume marker.

3. Results and discussion

3.1. Silica gel and ODS

Table 1 shows the metal content of the silica gels.
Treatment with HCl eliminated a large amount of
metal from the Develosil and a small amount from
the MSgel. Table 2 shows the carbon content of each
ODS. The carbon content of the ODS prepared from Fig. 1. Structures of the chelating compounds.

Table 1
Metal content of the silica gels used

Number Silica Treatment Metal content (mg/ l)

Na Mg Ca Al Ti Fe

1 Develosil No 54 188 1050 442 132 34
2 Develosil HCl ,3 90 440 185 69 5.4
3 MSgel No ,3 0.33 2.6 ,3 0.13 6.4
4 MSgel HCl ,3 0.08 0.4 ,3 0.07 0.8



242 Y. Sudo, T. Wada / J. Chromatogr. A 813 (1998) 239 –246

used as indices in the evaluation of the ODSs. The
secondary interaction was evaluated to be less when
the value obtained was larger.

Table 3 shows the a values for the ODSs. Two
chelating compounds were not eluted within the
analytical time in HPLC using any of the ODSs
prepared from the low-purity silica gel. When the
low-purity silica gel was used, neither pretreatment
with HCl nor end-capping by HTS could reduce the
effect of the metal impurities. On the other hand,
when the high-purity silica gel was used, the chelat-
ing compounds were eluted faster than the reference
compounds because of the treatments used (Fig. 2).
Fig. 3 show the chromatograms of the chelating

Fig. 2. Chromatograms of oxine on (A) the ODS that wascompounds on the ODSs prepared from the high-
end-capped by LPS and (B) the ODS that was end-capped by HTSpurity silica gel treated with HCl (silica 4). The peak
with HMDMDS. HPLC conditions: mobile phase, acetonitrile–20

shapes of the chelating compounds on these chro- mmol / l H PO (5:95, v /v); flow-rate, 1 ml /min; temperature,3 4

matograms clearly reveal the difference in the effec- 408C; detection, UV 250 nm. Peak: 15oxine (5 mg/ l); 25

theophylline (50 mg/ l).tiveness of the two end-capping methods. The degree
of secondary interaction with oxine was slightly less
on the ODS end-capped by HTS than by LPS, from approaching the silica surface, due to the higher
whereas that with hinokitiol was much less on the surface coverage achieved by HTS end-capping,
ODS that was end-capped by HTS rather than by which agrees well with previous results [41] using IR
LPS. Therefore, HCl treatment of the high-purity spectra, which indicated that only a small number of
silica gel could not adequately reduce the undesirable the silanol groups remained on ODSs that were
effect of the metal impurities in HPLC for chelating end-capped by HTS. In addition, these results indi-
compounds when it was used alone, but it could cate that the heating treatment with HCl could not
adequately reduce the undesirable effect when com- adequately eliminate even a small amount of metal
bined with end-capping by HTS. These results impurities from the surface of the high-purity silica
indicate that the analytes were effectively prevented gel.

Table 3
Activity of ODSs for chelating compounds and pyridine

aSilica Treatment of silica a

b c dTheophylline /oxine Benzene/hinokitiol Phenol /pyridine
e f e f e fLPS HTS LPS HTS LPS HTS

g g g g g1 no 2 2 2 2 2 1.59
g g g g2 HCl 2 2 2 2 1.81 3.02
g g3 no 2 2.41 2 1.75 1.18 3.02

4 HCl 2.38 2.39 1.44 1.76 2.44 3.10
a Compare with Table 1.
b Mobile phase, acetonitrile–20 mmol / l phosphoric acid (5:95, v /v); temperature, 408C; detection, UV 250 nm.
c Mobile phase, acetonitrile–20 mmol / l phosphoric acid (4:6, v /v); temperature, 408C; detection, UV 254 nm.
d Mobile phase, acetonitrile–water (3:7, v /v); temperature, 258C; detection, UV 254 nm.
e End-capped by liquid-phase silylation with HMDS.
f End-capped by high-temperature silylation with DMTMDS.
g The testing compound was not eluted within the analytical time.
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contact with the residual metal impurities on the
surface of this ODS. However, this ODS was as inert
for pyridine as the silica-4-based ODS that was
end-capped by HTS. These results suggest that the
residual metals, after HCl treatment, did not directly
interact with basic compounds. On the contrary, the
silica-2-based ODS that was end-capped by LPS was
more active for pyridine than the silica-4-based ODS
that were end-capped by LPS, suggesting that the
residual silanol groups on the former are more active
than those on the latter. Therefore, it is concluded
that, after HCl treatment, the residual metals acti-
vated silanol groups rather than interacted directly
with basic compounds. On the other hand, the ODS

Fig. 3. Chromatograms of hinokitiol (A) on the ODS that was prepared from low-purity untreated silica gel (silica
end-capped by LPS and (B) on the ODS that was end-capped by

1) showed adsorptive activity for pyridine despiteHTS with DMTMDS. HPLC conditions: mobile phase,
end-capping by HTS. The metal impurities on theacetonitrile–20 mmol / l H PO (4:6, v /v); flow-rate, 1 ml /min;3 4

surface of the untreated silica gel may be activetemperature, 408C; detection, UV 254 nm. Peak: 15hinokitiol
(200 mg/ l); 25benzene (2%). points of adsorption or may inhibit end-capping.

Snyder et al. [44] noted that end-capping cannot
completely overcome the disadvantage of an acidic

3.3. Chromatography of basic compounds silica gel. However, we have shown that HTS can
almost completely deactivate ODS, even if the silica

Pyridine interacts more strongly with the residual support has a large number of metal impurities and
silanol groups than aniline and its derivatives acidic silanol groups.
[21,40,43], which have often been used as test The properties of the ODSs differ between batches
compounds in the evaluation of column properties as well as between manufacturers, especially in the
[12,42]. The retention of pyridine is affected by even HPLC of basic solutes [45,46]. This is attributed to
a small number of residual silanol groups [41]. differences in the properties of the base silica
Pyridine was therefore employed in this study to [12,14,45]. However, the a value for the silica-ph / py

evaluate the effect of the residual silanol groups on 2-based ODS end-capped by HTS and that for the
the ODSs prepared. Phenol was used as the refer- silica-4-based ODS end-capped by HTS were almost
ence, and the separation factor (a ) was mea- the same, which indicates that HTS end-cappingph / py

sured, to evaluate the inertness of the ODSs for basic contributes to reproducibility in the preparation of
compounds, because there is a good inverse correla- ODSs.
tion between the a value and the concentrationph / py

of silanol groups on the ODS [41]. Table 3 shows 3.4. Stability of ODSs
the a values for the ODSs. HPLC of pyridineph / py

was less affected by the purity of the silica gels than ODSs prepared from high-purity silica gel were
that of chelating compounds. The purity of the silica end-capped by HTS with D or by LPS with HMDS.3

gel had no effect on the adsorptive activity of ODS The effects of each end-capping method on the
for pyridine when the silica gel was treated with HCl stability of the stationary phase and end-capping
and the ODS was end-capped by HTS, whereas groups against hydrolysis were compared using these
high-purity silica gel was required when the ODS ODSs. An acidic or alkaline mobile phase was
was end-capped by LPS. passed through columns that were packed with each

The strong interaction between the chelating com- ODS, and the performance of the columns was
pounds and the silica-2-based ODS that was end- examined periodically. The acidic mobile phase used
capped by HTS means that pyridine also came into was methanol–20 mmol / l H PO (pH 2.1) (1:1,3 4
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v /v), the alkaline mobile phase was methanol–20
mmol / l K HPO (pH 9.3) (1:1, v /v), and the flow-2 4

rate was 1 ml /min. The columns were purged
sequentially with 10 ml of methanol–water (1:1,
v /v) and 30 ml of methanol at 1 ml /min before the
performance of the columns was periodically ex-
amined. The stability of the octadecylsilyl groups,
the base silica and the end-capping groups against
hydrolysis were evaluated using the retention factor
(k9) of naphthalene, the number of theoretical plates
(N) and the a values, respectively.ph / py

The results are shown in Fig. 4 Fig. 5 Fig. 6. The
k9 value, N and the a value for the ODS end-ph / py

capped by HTS were constant for more than 600 h in
the acidic mobile phase and for 400 h in the alkaline
one. In contrast, for the ODS that was end-capped by
LPS, the k9 and a values decreased rapidly inph / py

both mobile phases. N decreased rapidly and a gap Fig. 5. Change in the number of theoretical plates for the ODS
that was end-capped by HTS (circles) and for the ODS that waswas formed at the top of the ODS bed after 300 h
end-capped by LPS (squares) in the stability test. Test conditionsfrom the start of the test in the alkaline mobile phase.
and HPLC conditions are as for Fig. 4.However, N did not decrease in the acidic mobile

phase.

Fig. 4. Change in k9 value of naphthalene for the ODS that was
end-capped by HTS (circles) and for the ODS that was end-capped
by LPS (squares) in the stability test. Test conditions: acidic
mobile phase, methanol–20 mmol / l H PO (pH 2.1) (1:1, v /v; Fig. 6. Change in the a value for the ODS that was3 4 phenol / pyridine

black); alkaline mobile phase, methanol–20 mmol / l K HPO (pH end-capped by HTS (circles) and for the ODS that was end-capped2 4

9.3) (1:1, v /v; white); flow-rate, 1 ml /min; temperature, 408C. by LPS (squares) in the stability test. Test conditions: as for Fig. 4.
HPLC conditions: test compound, naphthalene; mobile phase, HPLC conditions: test compounds, pyridine and phenol; mobile
acetonitrile–water (6:4, v /v); flow-rate, 1 ml /min; temperature, phase, acetonitrile–water (3:7, v /v); flow-rate, 1 ml /min; tem-
258C; detection, UV 254 nm. perature, 258C; detection, UV 254 nm.
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The solubility of silica is about 100 ppm in the pH well as basic compounds. Moreover, it improved the
range 1–8, while it increases exponentially above pH stability of the ODS against hydrolysis in acidic and
9 [23]. Therefore, the decrease of N in the alkaline alkaline mobile phases. In an acidic mobile phase, in
mobile phase may be due to the dissolution of the particular, the effect of end-capping by HTS did not
base silica. The results of this test reveal that HTS diminish for a long time.
end-capping inhibited this dissolution. The decrease
in the k9 value in the alkaline mobile phase may
include the loss of the bonded phase caused by the Acknowledgements
dissolution of silica. On the other hand, the decrease
in the k9 value for the ODS end-capped by LPS in We are grateful to Professor Toshiyuki Hobo of
the acidic mobile phase was due to hydrolysis of the Tokyo Metropolitan University for helpful discus-
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dissolved in the acidic mobile phase. However, the
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