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Abstract

A new stationary phase containing embedded urea gretsl{-C(O)-NH—) was prepared by a procedure based on the synthesis of a
trifunctional Gg urea-alkoxysilane, followed by modification of titanized silica and further endcapping to evaluate if the embedded group
would minimize the higher retention and tailing for basic compounds seen ygtitahized silica phases. InfrarédC and?®Si spectroscopies
were employed to characterize thgg@rea titanized silica phase. Chromatographic evaluations used hydrophobic, polar and basic compounds
to verify the effects of the polar urea groups embedded in thei@a phase. The chromatographic parameters, especially for the separation
of basic compounds, compare favorably with those obtained os3 &té@nized silica stationary phase, prepared by silanization of titanized
silica with octadecyltrimethoxysilane.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction were immobilized by a hydrosilylation reaction with the re-
active Si-H groups on the surface, significantly improving

The search for supports more stable in basic solutions coverage, especially for titania, when compared to the con-
than silica, for use in high performance liquid chromatog- ventional silanization with alkoxysilangg].
raphy (HPLC), is still ofimportance in the quest for reversed  Reversed phases based on zirconia were successfully de-
phases having greater hydrolytic and thermal stalilit?]. veloped by Carr and coworkef2]. To modify the zirconia
Under aggressive conditions, using high pH mobile phasessurface, several approaches were developed, including depo-
and elevated temperatures, silica-based reversed stationargition and immobilization of polybutadiene and polystyrene,
phases are known to fail rapidly due to dissolution of the and, more recently, derivatization with alkyl chains directly
silica suppor{3]. onto a carbon coated zirconia surf4t8].

Accordingly to Buchmeisef1], the first reports on the In principle, the dissolution of the silica support can
preparation of more pH-stable reversed phases by alkyl-be reduced by the chemical deposition of pH stable metal
silanization of zirconid4] titania [5] and aluming6] date oxides on the silica surface without sacrificing the porous
from the early 1990s. However, these approaches were somesilica structure, and taking advantage of silica’s well-known
whatlimited due to the difficulty in obtaining these alternative chromatographic properties. Polymer-coated phases with
supports in a suitable range of particle and pore sizes. In ad-potential applications using alkaline mobile phases have been
dition, the surface concentration of thegligands on titania prepared by the immobilization of poly(methyloctylsiloxane)
was low compared to siliciy]. on titanium-grafted silicfl1-13]

As alternatives, alumina, titania and zirconia surfaceswere  Alternatively, chemically bonded {g phases with im-
modified using triethoxysilang]. In a second step, alkenes proved chemical stability in basic mobile phases have been

prepared, based on silanization of titanized silicd. How-

* Corresponding author. Tel.: +55 19 3788 3055; fax: +55 19 3788 3023, EVer due to the amphoteric properties of the titanized silica
E-mail addresschc@igm.unicamp.br (C.H. Collins). support, this phase exhibits higher retention and more tailing
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with highly basic compounds in non-buffered mobile phases were performed on a model 2400 analyzer from Perkin-Elmer
[15]. (Shelton, USA). At least two determinations were made for

On the other hand, silica-based reversed phases havingeach sample. Mass spectrometry was performed on an Au-
embedded amidgl 6], carbamatgl17,18], and ured19,20] toSpec spectrometer from Micromass (USA).
polar groups show excellent performance for the separationof  FT-IR spectra for were obtained on a Bomem spectrom-
basic compounds at neutral pH. More recently, polar embed-eter from Hartmann and Braun (Quebec, Canada) in the
ded phases containingalky! thiol functionalities have also  range of 4000 to 400cm with a resolution of 4cm?!
been reporteR1]. The advantage of these polar embedded and a scan rate of 20 scans min Diffuse reflectance in-
phases is provided by the presence of the polar groups, alfrared Fourier transformation (DRIFT) spectra for the solid
lowing the use of mobile phases having lower percentages ofsilica samples were obtained using a diffuse reflectance
organic solvent without phase collag@?], improving the accessory. For these spectra, at least 100 scans were
retention of polar compound23]. performed.

The present work describes the preparation of a phase Liquid 'H and3C NMR spectra were obtained on a IN-
based on titanized silica and having embedded urea polarOVA 500 spectrometer (Varian, Palo Alto, USA). Frequen-
groups. This new phase, which combines the two different cies of 500 and 125 MHz were used for hydrogen and carbon
technologies, was then evaluated to verify whether the em- nuclei, respectively. A capillary containing deuterated water
bedded polar groups could reduce peak tailing for basic com-was used as internal reference for theNMR spectrum and
pounds. carbon tetrachloride for°C.

Solid-staté3C and?°Si NMR measurements for the mod-
ified silicas, before and after endcapping, were performed

2. Experimental on a Bruker AC 300 spectrometer (Germany), using cross-

polarization and magic angle spinning (CP/MAS). For the

2.1. Solvents and chemicals 29Sj nucleus, a contact time of 5ms and a pulse repe-
tition time of 3s were employed and fdfC, a contact

Amitriptyline, aniline, caffeine, N,N-dimethylaniline, time of 3ms and repetition time of 3s were used. The fre-

phenol, propranolol, pyridine, triphenylene, phosphoric acid quencies were 75.5 and 59.6 MHz for carbon and silicon,
and uracil were obtained from Aldrich (Milwaukee, USA) respectively.
and were used as received. For the synthesis of the silylant X-ray fluorescence quantifications were performed on a
agent, octadecylamine (98%, Aldrich, USA) and [(3-isocy- EDX 700 spectrometer from Shimadzu (Kyoto, Japan). Solid
anate)propyl]triethoxysilane (99%, United Chemical Tech- powered 100 mg standards< 6, containing upto 20% Tig)
nologies, Bristol, USA) were used without further purifi- were prepared by carefully dispersing pure i(99.5%,
cation. For the preparation of the bonded phasgsm5 Riedel de Hhen) in the Kromasil silica matrix. The standards
spherical Kromasil silica (Lot AT0235, pore diameter of and the samples were analyzed at the titaniumeission
10nm, BET surface area of 3@85nm?g~! and pore line (4.3-4.7keV).
volume of 0.9mlg?!, from Akzo Nobel, Bohus, Swe- Chromatographic evaluations, using 60 mr3.9 mm
den), tetraisopropyl orthotitanate (99%, Fluka, Germany), columns, were performed using a modular HPLC system
octadecyltrimethoxysilane (Aldrich), trimethylchlorosilane from Shimadzu (Kyoto, Japan) equipped with a LC-10AD
(TMCS, Aldrich), and hexamethyldisilazane (HMDS, liquid chromatography pump, a SPD-10A UV-vis detector,
Aldrich) were employed. a CTO-10A column oven and a Rheodyne 8125 injector
Potassium salts (K#POy and KoHPQy), potassium hy- (Cotati, USA) with a 5ul loop. Data were acquired and
droxide, benzylamine, toluene, ethylbenzene, butylbenzene processed using ChromPerfect software from Justice
pentylbenzene and-terphenyl were obtained from Merck Innovations (Mountain View, USA).
(Darmstadt, Germany). Methanol (MeOH), isopropanol and
acetonitrile (ACN) were HPLC grade and were purchased 2.3. Preparation of the titanized silica
from Tedia (Fairfield, USA). Deionized water was from a
Milli-Q water system from Millipore (Bedford, USA). The A sample of 11.0g of Kromasil silica, activated at
mobile phases were prepared volumetrically from individu- 100-120°C for 6 h under vacuum to remove physically ad-
ally measured amounts of each component and were filteredsorbed water, was reacted with 18 ml of titanium isopropox-
through a 0.2zm Nylon membrane filter and degassed by ide in 150 ml of dry toluene. The mixture was refluxed for

sonication prior to use. 24h under a dry argon atmosphere, filtered and washed
with toluene, isopropanol, methanol and finally with copi-
2.2. Equipment ous amounts of deionized water. After drying under vacuum

for 6 h at 100°C, the percentage of Ti as titanium oxide was
Melting points were determined from Differential Scan- determined by X-ray fluorescence, obtaining 11#9%535%,
ning Calorimetry (DSC) performed on a model 2050 Ther- which corresponds to a surface coverage of 4 8115umol
mal Analyzer from TA Instruments (USA). C, H, N analyses of Tim—2.
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Fig. 1. Proposed chemical structure of the synthesized silylant agent.

2.4. Synthesis of the silylant agent

The synthesis of the silylant agent [(3-urea-octadecyl)
propyljtriethoxysilane was based on a proprietary chem-
ical process[24]. Briefly, 40 mmol of the precursor [(3-
isocyanate)propyl] triethoxysilane was dissolved in 20 ml of
dry toluene. This solution was slowly added to an equimo-
lar octadecylamine solution (40 mmol dissolved in 80 mi
of dry toluene) and the reaction mixture were refluxed for
3h under stirring and in a dry argon atmosphere. At the

end of this process, the solvent was removed under re-
duced pressure to obtain a white solid, which was then
washed with dry methanol, dried under reduced pressure and’

analyzed.

Analyses: melting point 79C, elemental analysis for
CagHeoN204Si (516 g mott), experimental (calculated)
percentages, %C, 65421.8 (65.1), %H, 12.40.40 (11.4),
%N, 5.68+0.80 (5.41). MS, M=516m/z IR spectrum,
3330 ¢-N—H), 2915 and 28504 C—H), 1625 ¢-C=0), 1590
(8-N—H), 1470 ¢-CH,), 1080 (-Si-0) cm L. 13C NMR
spectrum (CQJ), §=7 (C3), 14 (C24), 18 (C1), 22.2 (C23),
23.7 (C22), 27 (C21), 29 (C9-C20) 31 (C4), 32 (C8), 40
(CH), 42 (C7), 58 (C2), 96 (Cg), 158 (C6), according to
the structure shown ifFig. 1 'H NMR spectrum (CG)),
§=0.55 (t, 2H), 0.9 (t, 3H), 1.2 (t, 9H), 1.25 (m, 32H),
1.5 (m, 4H), 3.15 (m, 4H), 3.75 (q, 4H), 5.45 (s, 1H), 5.55
(s, 1H).

2.5. Preparation of the gg-urea titanized silica
(SiTiCg urea)

The silanization reaction used 37 mmol of freshly syn-
thesized @g urea-alkoxysilane and an equivalent amount of
distilled pyridine (3.2 ml) to react with 5.0 g of activated ti-

31
2.6. Chromatographic experiments

2.6.1. Column packing

In the packing procedure, short HPLC columns of
60 mmx 3.9mm I.D., made from 316 stainless steel tubing,
were used. The columns were individually downward packed
using 10% (m/v) suspensions of the modified silicas in chlo-
roform at 40 MPa (6000 psi) with a Haskel packing pump
(Burbank, USA) using methanol as propulsion solvent.

2.6.2. Test procedures

To evaluate if the packings were chromatographically ad-
equate and to determine the optimal flow rate, an initial test
were performed using a mixture of uracil (10 mg), as
marker for column dead volume, acetophenone (2001Hyg |
benzene (1700 mgt), toluene (1700 mgi') and naphtha-
lene (120 mgt?l) as hydrophobic probef25], using an
acetonitrile-water (60:40, v/v) mobile phase with detection
at 254 nm at a temperature of 25.

A second evaluation was performed using buffered and
on-buffered mobile phases, for the separation of some
compounds from the Engelhardt test mixt&6]. This
mixture, containing uracil (12 mgH), aniline (100 mgt?),
phenol (220 mgt!), N,N-dimethylaniline (40 mgt?l),
toluene and ethylbenzene (1000mg), was separated
using MeOH-water or MeOH-20 mmoit phosphate
buffer at pH 7.0 (55:45, v/v) as mobile phases. For each
separation, retention factork)( plate numbersN) and
tailing factors ) were calculated as recommendas)].

Another set of experiments was performed using com-
pounds from the Tanaka test proced[#€]. The methylene
selectivity @ch,) and steric or shape selectivityei(o)
were calculated from the separation of uracil (10 mg)
butylbenzene (1000 mgt), pentylbenzene (1100 mgl),
o-terphenyl (80 mgtt) and triphenylene (50 mgt), using
MeOH-water (80:20, v/v) as mobile phase. The hydrogen
bonding capacitydcp) was determined from the separation
of uracil (10mgt?), caffeine (135mgt!) and phenol
(270 mg 1) using MeOH-water (30:70, v/v) as mobile
phase. The ion exchange capacitieg;f) were calculated
for the separation of uracil (10mgl), benzylamine
(100 mg 1), and phenol (120 mgh), using a mobile phase
composed of MeOH-20 mmott phosphate buffer (30:70,

tanized silica, suspended in 100 ml dry toluene. The mixture y/v) at pH 7.60 and at pH 2.70.
was refluxed for 48 h under an argon atmosphere and the solid

was then filtered, washed with toluene, isopropanol, methanol

and deionized water and dried under vacuum &t&éor 8 h
prior to endcapping, which was carried out by refluxing 4.5g
of product with a large excess of TMCS (15 ml) and HMDS

3. Results and discussion

3.1. Preparation and characterization of gurea

(35ml) in 100 ml of dry toluene under an argon atmosphere tjtanized silica

for 48 h.
Another batch of titanized Kromasil, with approximately

The preparation of the SiTifg urea phase is based on

14% of titanium oxide on the surface, was reacted with a single-step chemical modification of the titanized silica
octadecyltrimethoxysilane and then endcapped with TMCS syrface with the urea-trialkoxysilane, which was synthesized
and HMDS to obtain SiTigg silica (without embedded urea  and characterized before the bonding procedure. The single-
groups)[14]. step modification has the advantage to ensure a homogeneous
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surface composition of the bonded phase, which does not
happen when a two-step modification process is employed.

After the titanization procedure and also after the reac-
tion with the urea-trialkoxysilane, a washing procedure with
copious amounts of deionized water was used to guarantee
the complete hydrolysis of the isopropoxy groups on the ti-
tanized silica surface, as well as to remove remaining ethoxy
groups after the silanization reaction step with the silylant
agent.

After these reactions, the carbon, hydrogen and nitrogen
percentages for SiTifg urea, obtained by elemental analy-
sis, were 19.@:0.1, 3.3+ 0.1 and 2.6t 0.3%, respectively.
From the percent carbon, the surface coveray@/és calcu-
lated, according to the expression of Berendsen ¢28]:
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where N¢ is the number of carbon atoms in the urea-

alkoxysilane reagent (22y] is the molar mass (381 g md)

of the silane ligand attached to the surface, 3 relates to the : : : , ‘

use of trifunctional alkoxysilane an@get (308nm?g—1) 4000 3000 2000 1000

is the surface area of the bare Kromasil silica. A value Wavenumber / cm

of 3.22+ O'ZZWT,]OI m ? was obtained for the SiTHg Fig. 2. DRIFT spectra for titanized silica, SiTi (A) and for the SiT§Cirea

urea phase, which is only 6% lower than the value of (g)phase.

3.454 0.28umol m~2 for the Gg titanized phase obtained

by silanization with octadecyltrimethoxysilane (no em- N-H stretching and bending, respectively, and the band at

bedded urea groups) under similar reaction conditions 1628 cnt!, which corresponds to the<D stretching. In the

and using the same silica suppft#]. Another important spectrum ofFig. 2A, the absence of methylene and methyl

observation is that the concentration of organic groups on stretching bands is good evidence for the complete hydroly-

the SiTiGg urea surface is the same when compared to the sis of any isopropoxy groups remaining after the titanization

coverage of 3.amolm~2 obtained on a Prontosil silica reaction.

surface[19], by chemical modification with the same As previously statefR9], solid-stateSi CP/MAS NMR

urea-trialkoxysilane used to prepare the SigGrea phase.  spectroscopy is an excellent technique to investigate the dif-
Taking into account the proposed ligand structure of the ferent silicon species attached to the chemically modified sil-

silane attached to the titanized silica surface and the absencéca surface after each step of the silanization reactions. The

of any remaining ethoxy groups, the C/N ratio, calculated spectra irFig. 3were obtained for the SiTifg urea silica be-

from the carbon and nitrogen percentages from elementalfore (A) and after (B) the endcapping reaction. In addition to

analysis, is 11.2, which is in agreement to the expected valuethe well-known resonance for thé (siloxanes) and éXfree

of 11. However, the slightly higher C/N ratio may indicate and vicinal silanols) species at110 and—101 ppm, £ and

the presence of some remaining ethoxy groups bonded to theT2 species were detected-a65 and—55 ppm, respectively.

silicon atom of the silylant agent attached to the titanized After endcapping, the presence of the M species is confirmed

silica surface. In the final step, some residual silanols and ti- by the signal at +12 ppm.

tanols are endcapped with a mixture containing more reactive  Quantitative analysis of these silicon species is com-

silanes, TMCS and HMDS. The carbon content has increasedplicated by the fact that the intensity of each signal in

by 0.5% and the C/N ratio is higher, due to the trimethylsilyl the CP/MAS spectrum depends on the efficiency of cross-

groups. polarization and the proton relaxation tirf@0]. However,
Infrared spectroscopy is a simple and useful technique comparisons are possible for spectra obtained under the same

to check the integrity of the chemical structure of the urea- conditions. In spectrum B, an increase in the relative peak

silane attached to the titanized surface. The DRIFT spectraarea for the desirable highly crosslinked 3pecies is evi-

for the titanized silica before and after derivatization with dent, compared to spectrum A, suggesting the endcapping

the urea-trialkoxysilane are shown fiig. 2 In addition to was successfully performed.

the bands at 2960{CHz), 2920 ¢s-CHy), 2850 (5-CHy) Solid-statel*C CP/MAS spectroscopy was also used to

and 1470cm?! (5-CH,) in the spectrum ofFig. 2B, the confirmthe integrity of thé&l-alkyl group, covalently attached

presence of the urea groups embedded in the alkyl chainto the titanized silica surfac€ig. 4 shows the-3C CP/MAS

is confirmed by the bands at 3348 and 1570, attributed to NMR spectra of the gg-urea titanized silica (SiTigg urea)
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and after (B) endcapping.

Fig. 4. Solid-statd3C CP/MAS NMR spectra for SiTig, before (A) and
after (B) the endcapping reaction.

before and after reaction with TMCS and HMDS. Each spec-
trum is consistent with the proposed structure and no chem-
ical changes have occurred in the urea silyl organic groupscluding those with the SiTig column, were performed at
during the modification processes, as seen by the presence 0.6 ml mir 1.

the carbonyl of the urea group at 160 ppm. Two small shoul-  The test mixture used in the second series of experiments
ders at 19 and 60 ppm were observed, due to carbons 1 and Ayas composed of seven compounds from the ten initially sug-
respectively, of possible remaining ethoxy groups of the tri- gested by Engelhardt et §26], employing MeOH-water
functional G g urea-alkoxysilane, consistent with the slightly  (55:45, v/v) as mobile phase. The relation of the retention
elevated elemental C/N ratio. After reaction with TMCS and factors of ethylbenzene and toluene indicates the hydropho-
HMDS, a new signal at 2 ppm in spectrum B is observed, due bicity of the column, while the retention and peak shape for
to the presence of the carbons of the trimethylsilyl moieties the weakly basic solutes, aniline aNgN-DMA provide in-

on the surface. formation about acidic silanol activity. The chromatograms
obtained on the SiTi¢g urea and SiTigg phases are shownin
3.2. Chromatographic tests Fig. 5and the related chromatographic parameters are listed
in Tables 1 and 2
The first chromatographic tests with the 60 mar8.9 mm For both columns, the hydrophobic probes were separated

column packed with the SiTifg urea phase were performed with good efficiency and good peak shapes, while aniline and
to determine the optimal flow rate and to check if the pack- N,N-DMA show predictable tailing and higher retention, due
ing was adequate. Uracil, acetophenone, benzene, toluen¢he enhanced acidity on both titanized silica supports. How-
and naphthalene were well separated using ACN-waterever, this effect is less pronounced for the SigGrea phase
(60:40, v/v) as mobile phase. The optimal flow rate was that contains the polar embedded urea groups, as confirmed
at 0.4mimir!, and the plate numbeN] and tailing fac- by the lower relative retention values for the two bases, shown
tor (Tg) values for the most retained compound, naphtha- in Table 2

lene k=4.5), were 5100 and 1.1, respectively, indicating The polar urea groups partially shield or minimize the ef-
that the packing was satisfactory. Since the plate numbersfects caused by the residual hydroxyl groups. At least two
value is only 10% lower when the flow rate is increased possible mechanisms might be involved. The firstis the pres-
to 0.6 mimirr?, the remaining chromatographic tests, in- ence of a hydrogen bonded layer of water molecules in the
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120 When the separation is performed using a buffered mobile
1 N phase, the interactions between the weak bases and resid-
10¢ 1 uraci ual groups are greatly reduced and better peak shapes and
Tl ° < eat efficiencies are obtained, as shown in the chromatogram of
3 : meﬂ:n Fig._SC. This behavioris obs_erved due_t_o the pH buffer, where
g 60 , 6. ethylbenzene aniline (K3 =4.87) and\,N dimethylaniline (K =5.07) are
r_@g 1,2 in their free form, excluding the possible ionic interactions
& 40+ with residual groups. In addition to this, phosphate anions
% 1 5 can interact with the Lewis acid sites on the titanized silica,
o 20 i avoiding this kind of interaction with both bases.
0_' \ The retention and tailing factors for phenol are signifi-
cantly higher on the titanized urea phase, due to a higher
0 2 4 6 8 10 12 14 16 18 20 number of possible hydrogen bonds between the analyte and
(A) ‘Tl i the polar group during the chromatographic separation. Such
120 behavior has already been observed for other phenolic com-
3 pounds on phases containing embedded carbamate groups
100 + Tanit [31] and this enhanced selectivity is one of the features that
> P differentiate packings with a polar gro{@?2].
> 8 1 i :’)ﬁ;ﬁ:ﬂ The Tanaka characterization protocol is a well-established
£ ¢ 4 6. ethylbenzene approach that is recommended to obtain information on some
Z properties as well as to establish the repeatability and repro-
Dfé 40 ducibility of commercially available reversed phagas].
3 2 5 6 The most relevant properties, which are measured by the
A 204 chromatographic parameters for the separation of seven com-
L]\ /\ pounds using four different mobile phase compositions, are
1 shape and methylene selectivities, hydrogen bonding and ion-
0 2 4 6 8§ 10 12 14 16 18 20 exchange capacities in acidic and neutral media.
(B) Time / min The chromatogram ofFig. 6 shows the separation of
two homologous alkyl benzenes and the non-planar and pla-
s 3 nar polyaromatic hydrocarbons, where it was observed that
160 1. uracil pentylbenzene was not totally separated fronerphenyl.
> 140 5 ;—: :‘;;n':; For an easier comparison, the chromatographic parameters,
5 120 4 L tN.]N-DM.-\ obtained for the separation on both SiTgirea and SiTiGg
€ 00l 2 6. cthylbeazeme phases, are summarizedTable 3 A methylene selectivity
z 3 (cxcH,) of 1.31 and a shape selectivityy(o) of 1.54 were ob-
§ 80 tained for the urea embedded phase. d&hg value of 1.21
g W1 for the SiTiGg phase is lower. Generally, the o value is
A 404 5 2 higher for “polymeric” phases, i.e. those prepared by silaniza-
20 tion with di- or trifunctional silanes, as well as for phases
ol \ )\ /\ with longer alkyl chain lengths. In this case, both phases
[ ——— ————— were prepared using a trifunctional alkoxysilane. The alkyl

—
8 10 12 14 16 18 20
() Time / min

(=4
[+]
=
o

chain length of the urea-silyl is slightly longer than that of the
octadecyl-silyl group, but the presence of polar urea group
Fig. 5. Separation of some components of the Engelhardt test mixture onthe_may also play a significant r0|e In |mprovmg shape selectiv-
SiTiC1g urea (A) and SiTiGg (B) phases. Conditions: 60 mm3.9 mm I.D. ity as a consequence of theinteractions between the polar
columns; mobile phase: methanol-water (55:45, v/v) at 0.6 mthide- group (i.e. carbonyl function) and the-m active moieties
tectign: UV_at2§4_ nm,; injectiqn volume: 8. (C) shows the chromatogram  gn the less hindered planar triphenylene. This phenomenon
obtained with SiTiGg urea, using methanol-20 mmofiphosphate buffer 2 2156 ohserved for embedded polar phases with amide and
at pH 7.0 (55:45, v/v) as mobile phase. Peaks: uracil (1), aniline (2), phenol
(3), N,N-dimethylaniline (4), toluene (5) and ethylbenzene (6). carbamate groug84] and, more recently, polar endcapped
phases with amine group33] as well as for alkyl thiol and
naphthalimide stationary phag@s].
underlying surface, making the acidic residual groups less  The hydrogen bonding capacitydp) is a good measure
accessible to interact with the basic analytes. The second hy+to discriminate endcapped and non-endcapped phases, as a
pothesis suggests hydrogen bonding of the polar groups to theesult of estimation of the number of accessible silanols. It
residual silanols, masking their undesirable effects during the was calculated from the separation of caffeine and phenol,
chromatographic proce§7]. shown inFig. 7, obtaining a value of 0.20 for the SiTigurea
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Table 1
Chromatographic parameters obtained for the separation of some compounds of the Engelhardt test mixture composed of nonpolar and basibathalytes, on
C,g titanized phases

Compounds SiTigs urea phasP SiTiCyg phasé

k N T k N T
Aniline 1.29° (0.90) 735 (1245) 1.85 (1.39) @™ 245 2.45
Phenol 174 (1.84) 1260 (1410) 1.31 (1.33) 9B 1740 1.23
N,N-DMA 6.50 (6.43) 3490 (3910) 1.69 (1.19) A 1110 2.83
Toluene 963 (10.2) 4795 (4670) 1.15(1.12) 10 5230 1.07
Ethylbenzene 15 (18.6) 4980 (4820) 1.10 (1.12) 19 5530 1.11

a Chromatographic conditions: 60 mm3.9 mm I.D. columns, mobile phase: MeOH,®! (55:45, v/v), flow rate: 0.6 ml mint.
b The values in parenthesis are those obtained using a MeOH-20 minpiidsphate buffer at pH 7.0 (55:45, v/v) as mobile phase.
¢ This value was obtained from a separate injection.

Table 2 140

Relative retentions for anilinexf/r), phenol &p/r), N,N-dimethylaniline 1 5 L. uracil
(epmarr) and ethylbenzenexf ) for separations on the SiTig urea and 120 2. butylbenzene
SiTiClg columns d 2 3. pentylbenzene

4. o-terphenyl

100 5. triphenylene
aaT apT QADMA/T QET ]
SiTiCyg ured@ 0.13 0.18 0.68 1.81 80 4
SiTiCyg? 0.20 0.09 0.80 1.83 ]
SiTiC1g ured 0.09 0.18 0.63 1.81

@ Chromatographic conditions: 60 mm3.9mm 1.D. columns, mobile
phase: MeOH-HO (55:45, v/v), flow rate: 0.6 ml min'.

b Same conditions except mobile phase: MeOH-20 mmophosphate
buffer at pH 7.0 (55:45, v/v).

Dwtector Response / mV
e (=23
(=} (=]
L 1 L 1

[
=]
L

(=1
[

phase, which is much lower than the value of 0.56 obtained N S . R S I IO -
R 1 2 3 4 5 6 T 8 9 10 11 12

for the SiTiGg phase, due to the presence of the embedded Time / min

polar urea groups.

The ion exchange capacitygp) at pH 2.70 is useful to Fig. 6. Separation of uracil (1), butyloenzene (2), pentylbenzeneo{3),
estimate the acidic properties of the silanol groups and in terphenyl (4) and triphenylene (5)_on the SiTgurea phase. Conditions:
some cases, the metal impurity contents of the silica support.80 mm> 3.9mm I.D. column; mobile phase: methanol-water (80:20, v/v);
For the SiTiGg urea phase, the separation of benzylamine flow rate: 0.6 mImirm*; injection volume: Sul; temperature: 40C; detec-

or 8 U phase, p y tion: UV at 254 nm.
and phenol at this pH is illustrated ifig. 8 Theag/p of 1.32
is a consequence of the higher acidity of residual groups on

the titanized silica surface, a result that is similar to reversed

Table 3
Chromatographic parameters obtained for the separation of compounds of the Tanaka test mixture on ther8di&hd SiTigg phases using different
mobile phase compositions

Compounds SiTigg urea phase SiTi(g phase
k N Tr k N Te
Butylbenzeng 3.79 4460 1.19 B7 5290 1.16
Pentylbenzerfe 4.97 3710 1.14 48 4790 1.09
o-Terpheny? 5.51 4625 1.04 B7 5390 1.16
Triphenylené 8.49 4300 1.10 B1 5150 1.06
Caffeind 1.13 1620 1.25 B9 2350 1.38
Phenol 5.64 2320 1.22 3.040 3520 1.40°
5.17F 307¢ 1.29 3.1 3600 1.4C¢
5.09 2270 1.2¢ 3.24 2840 1.59
Benzylamine 6.82 875 215 11.1° 620° 3.7F
nod-e no-e no-e nd4e nde nde

Conditions: 60 mmx 3.9 mm 1.D. column, flow rate: 0.6 ml mirt, temperature: 40C, detection: UV at 254 nm, injection volumeps
2 MeOH-H,0 (80:20, V/v).
b MeOH-H,0 (30:70, VIV).
¢ Methanol-20 mmolt! H3POy/KH POy buffer (30:70, v/v) at pH 2.70.
d Methanol-20 mmokt! KH,POy/K,HPOy buffer (30:70, viv) at pH 7.60.
€ Not seen in the chromatogram.
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- ] 2 OH CH, SiTiCys urea, pH 11
180 1- uracil 160+ QCH,CHCH,N-C-H
160 ] 2- caffeine \(?H3
g 3- phenol > Oe
= ;
= 140 = 1204
&) E s LD
v 120 A o RSN
& ] Z 1 2 /NcHS(:Hs(rH
§ 100 § . HC
53 1 O
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g 40 For=020 g
2z 1 1 3 2 404
& % a 1
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¥ T Y T T T T T . T
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4D 1 a9 4P . 4‘0. 0 & 4 &0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Time / min (A) Time / min
Fig. 7. Separation of uracil (1), caffeine (2) and phenol (3) using 50 4 SITiC 15, pH 11
a non-buffered mobile phase on the SifdCurea phase. Conditions:
60 mmx 3.9 mm |.D. column; mobile phase: methanol-water (30:70, v/v); 1 2
flow rate: 0.6 mimir?; injection volume: Gul; temperature: 40C; detec- 40
tion: UV at 254 nm. E
530
|2
=}
g
g+
-
160 % 10 }
11 At pH 2.7 B
140 4 A
1 1- uracil 04
s>=. 120 + 2 2- phenol T T T T T T T
o 100 4 3- benzylamine 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
2 J (B) Time / min
§ 80+
~ 60: 2004 2 SiTiC 5, pH 12
g ]
(37
40
g "] 7160
s} =
20+ )
' g
0 %120 .
T T T T T T T ) 3
0 1 2 3 4 5 6 7 8 9 10 %
(A) Time / min g 80
40 1
100 ~ 2 AtpH 7.6
E @ ;:2:':':21 " T T T T T T T
:.n} 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
g | (©) Time / min
% 60 /
L5 4
E 1 Fig. 9. Separation of uracil (1), propranolol (2) and amitriptyline (3) on
8 404 the SiTiGg urea column (A) at pH 11 and on the Sitgphase at pH
2 11 (B) and pH 12 (C). Conditions: 60 mm3.9mm |.D. column; mo-
2 204 bile phase: 20 mmot! methanol-phosphate buffer (80:20, v/v), flow rate:
0.6 mIminL; injection volume: Jul; temperature: 25C; detection: UV at
04 254 nm.
0 A ¢ A SR TSN NN ANE LN SN SN NG A B . oge P
& 0 2 4 6 10 12 14 16 18 20 22 24 26 28 30 phases prepared using type A silicas, containing measurable
( Time / min

Fig. 8. Separation of uracil (1), benzylamine (2) and phenol (3) at pH 2.70
(A)and pH 7.60 (B) on the SiTigg urea phase. Conditions: 60 mua8.9 mm
1.D. column; mobile phase: methanol-buffer phosphate (30:70, v/v); flow
rate: 0.6 mImin®; injection volume: Gul; temperature: 40C; detection:

UV at 254 nm.

amounts of metal impurities, such as iron and aluminum, as
well as for phases based on zirconia. tag of 3.56 for the

SiTiCyg phase is significantly higher when compared to the
value for the SiTiGg urea phase.
On the other hand, the separation at pH 7.6 maximizes

the ion exchange capacity, where the great majority of the
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residual groups are in their ionized form and benzylamine [3] J.J. Kirkland, J.W. Henderson, J.J. DeStefano, M.A. van Straten,
(pKa=9.3) is partially protonated. As a result, benzylamine H.A. Claessens, J. Chromatogr. A 762 (1997) 97.
is not eluted on either phase at this pH, indicating that the [4] Y. Trundinger, G. Miller, K.K. Unger, J. Chromatogr. 535 (1990)

L 111.
presence of the polar urea groups minimizes but does not [5] J. Yu, Z. El Rassi, J. Chromatogr. 631 (1993) 91
eliminate these effects. [6] A. Kurganov, U. Tundinger, T. Isaeva, K. Unger, Chromatographia
As an application, the separation of two highly basic drugs, 42 (1996) 217.
propranolol and amitriptyline on the SiTigurea column is [7] K. Tani, Y. Suzuki, J. Lig. Chromatogr. Rel. Technol. 19 (1996)

; i ; 3037.
shown inFig. 9A using a phosphate buffer at pH 11. On [8] J.J. Pesek, V.H. Tang, Chromatographia 649 (1994) 649.

the other hand, for the SiTi Phase’ without the emt_)edded [9] A. Ellwanger, M.T. Matyska, K. Albert, J.J. Pesek, Chromatographia
polar urea group, the separation at pH 11 shows tailing peaks = 49 (1999) 424.
as can be seen irig. 9B. These effects were reduced when [10] J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V. McNeff, A. McCormick,

using a buffered phosphate mobile phase at pH 12. P.W. Carr, J. Chromatogr. A 1028 (2004) 31.
[11] R.B. Silva, K.E. Collins, C.H. Collins, J. Chromatogr. A 869 (2000)
137.
. [12] R.B. Silva, Y. Gushikem, C.H. Collins, J. Sep. Sci. 869 (2001)
4. Conclusions 49

. [13] D.A. Fonseca, K.E. Collins, C.H. Collins, J. Chromatogr. A 1030
A new Cg urea stationary phase was successfully (2004) 209.

prepared by silanization of titanized silica with a urea- [14] C.R. Silva, C. Airoldi, K.E. Collins, C.H. Collins, LC-GC 22 (2004)
trialkoxysilane, according to characterizations by solid state 632.

infrared and nuclear magnetic resonance spectroscopies. ThE-! (1:655 5(2‘625 )Cl ?go'di' K.E. Collins, C.H. Collins, J. Chromatogr. A

surface coverage was quite similar to that for the @O . [16] J.J3. Kirkland, J.W. Henderson, J.D. Martosella, B.A. Bidlingmeyer,
embedded group) counterpart, based on the same titanized ;. vasta-Russell, J.B. Adams Jr., LC-GC 17 (1999) 634.
support. [17] J.E. O’'Gara, D.P. Walsh, C.H. Phoebe Jr., B.A. Alden, E.S.P. Bou-

From the chromatographic evaluation, based on the test  vier, P.C. Iraneta, M. Capparella, T.H. Walter, LC-GC 19 (2001)

proposed by Engelhardt, it can be concluded that the chro- 632
t hi f f tral dsis similar t [18] U.D. Neue, Y.F. Cheng, B.A. Alden, P.C. Iraneta, C.H. Phoebe, K.
matographic performance for neutral compoundsis similarto = |-t e S et o001) 166,

that for the Ggtitanized phase, while the retention factors for [19] c.r. silva, S. Bachmann, R.R. Schefer, K. Albert, I.C.S.F. Jardim,

the weakly basic compounds are lower, although, some tail-  C. Airoldi, J. Chromatogr. A 948 (2002) 85.

ing is still observed when using non-buffered mobile phases. [20] C.R. Silva, I.C.S.F. Jardim, C. Airoldi, J. Chromatogr. A 987 (2003)
The presence of the embedded polar urea groups on the_ _ 127- _

. . - . . . . [21] J. Horak, W. Lindner, J. Chromatogr. A 1043 (2004) 177.

titanized S|I|9a phase did not solvg the |rrever5|b_le retention ;551\ przybyciel, R.E. Majors, LC-GC 20 (2002) 584.

of benzylamine at pH 7.6, where ion-exchange interactions 23] r.p. Morrison, J.W. Dolan, LC-GC 18 (2000) 936.

are maximized. Nevertheless, some improvements for the[24] C.R. Silva, C. Airoldi, Process of preparation of new alkoxysilanes

SiTiCyg urea phase are observed for separations in an acid  With polar urea groups, Brazilian Patent Pl 9903110-8 (1999).

medium as well for the separation of some weaker aromatic[23! U-D- Neue, HPLC Columns, Theory, Technology and Practice,
Wiley-VCH, New York, 1997.

amines. [26] H. Engelhardt, M. Arangio, T. Lobert, LC-GC 15 (1997) 856.
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