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Abstract

The influence of sulfur—aromatic interactions on the chromatographic separation behavior of hybrid RP phases, containing thiol-groups
and/or embedded sulfide-groups (S-RP) has been investigated. To allow a precise outline of this new interaction mode, a wide variety of
S-RP phases with different alkyl chain length, with and without residual thiol-groups and silanol-endcapping were prepared and tested in
comparison to some conventional monomerical as well as polymeriakdyl type RP phases. The solute test sets employed in this study
comprised the classical chromatographic column tests from Engelhardt and Tanaka as well as test assemblies containing polycyclic aromatic
hydrocarbons, stilbene-based/transisomers and functional isomers of benzene. In general, a pronounced strong planar recognition ability
as well as a strong increase in the retention for aromatic compounds have been noticed. It was furthermore found that not only the sulfur atom
incorporated into the alkyl chain, but also the residual thiol-groups of the 3-propylthiol silica backbone contribute to the overall retention
behavior of these novel S-RP type phases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the surface concentration of residual surface silanols have
a great impact on the retention behavior of a column. It is
Although the number of new types of stationary phases common knowledge that due to the ion-exchange character
increases annually, the majority of bonded phases employedof surface silanol groups especially basic solutes show a
in reversed-phase high-performance liquid chromatographystrong peak-broadening, peak-tailing, and some retention
(RP-HPLC) are still of the reversed-phasealkyl type, abnormalities on old or non-silanol-endcapped RP-columns.
mostly Gg and G. The choice of employing g columns As can be seen, there are diverse dependent variables in
for analysis is mostly based on their well-documented RP-type stationary phase synthesis and many more that are
and wide-ranging applicability as well as their reliability not yet described or classified as such. Obviously, the aim
concerning high selectivity, reproducibility, and stability of manufacturers must be to optimize and control the pro-
(ruggedness). Considering that minor changes in preparationcess of preparation in order to provide their customers with
conditions of the crude silica or the bonding reaction can columns of enhanced reproducibility, consistent selectivity,
already provide major variations in selectivity, the impact of and improved stability.
another reagent type or reaction technique is vast. Besides For this purpose, numerous chromatographic column tests
the actual outcome of the immobilization reaction, also the were designed for both manufacturers and customers to trace
alkyl chain length and the bonding density of the ligands, the amount of variation between differentalkyl based
columns[1]. These column tests mostly contain a set of dif-
mspondmg author. Telt43-1-4277-52300; ferent substances, which are commonly gvailable in every
fax: +43-1-315-1826. standard laboratory. The best known and widely used column
E-mail address: wolfgang.lindner@univie.ac.at (W. Lindner). tests are those from Engelhardt and coworkerd], Tanaka
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and coworkerg5,6], Neue et al.[7,8], Walters[9], and first stage an aminopropy! silica support was prepared fol-
Galushko[10]. All mentioned chromatographic test meth- lowed by the transformation of the amino group into an
ods have in common, that they provide information about amide or urea group by a second reaction with acid chloride
the rest silanol activity as well as the hydrophobicity of or isocyanate. The major disadvantage of such a two-step
the tested RP-materials. Additional information about the approach is the remaining unreacted amino groups, which
so-called “shape selective” properties as well as information add some unwanted anion exchange characteristics to the
about a possible acidic pretreatment of the basic silica canreversed-phase retention behavior of such polar embedded
be obtained by the Tanaka t¢&t5]. phases. Note that in a two step-approach the derivatisation
For conventional brush type-alkyl based stationary reaction of the silica bound functional groups is hardly ever
phases the term shape selectivity is mainly used to describel00%, thus the resultant modified material will always bear
enhanced separation selectivity of polyaromatic hydrocar- a certain amount of the original functionality, may it be
bons (PAHSs) based on differences in their molecular shapeamino groups in case of 3-aminopropyl silica gel or thiol
[11-13] rather than differences in their physical or chemi- groups when choosing a 3-propylthiol silica backbone in-
cal properties. Nevertheless, parameters that influence shapstead (see later). This problem can be overcome by em-
selective separation of polyaromatic hydrocarbons include ploying a one-step approach. Thereby a pre-prepared polar
the effective contact area, the van der Waals volume and theembedded alkyl silane is bound to the silica surface, pro-
minimum cross-sectional area of the solute mole¢i¥g. viding a modified polar embedded phase free from residual
Mostly, non-functionalized PAHs are employed to de- amino-propyl groupg27]. Obviously, the more elaborate
scribe shape selectivity, because as a consequence of thene-step approach is more reasonable for any investigation
global structure of the stationary phase only their difference concerning the influence of polar groups incorporated into a
in shape contributes to retention. In actual fact also residual hydrophobic lattice, but requires more efforts regarding the
silanol groupq15] as well as the carbonyl grou$6,17] synthesis of the desired silane.
of polar embedded phases were reported to enhance selec- Generally, it can be noted that every change in the
tivity via OH—r interaction and carbonyf-interaction with molecular structure of a stationary phase either by incorpo-
aromatic solutes. ration of hetero-atoms or through introduction of functional
Kirkland and Hendersoifil8] introduced an alternative  groups goes hand in hand with additional and often very di-
approach to reduce the silanol activity of a stationary phase versified interaction modes with different solute types. One
by employing monofunctional alkyl silanes with bulky side aim in RP-type stationary phase design is often simply to
chains, such as dimethyl, diisobutyl or diisopropyl groups. create novel hybrid RP phases to solve specific separation
Such “sterically protecting” groups provide a kind of steri- problems for target analytes that cannot be resolved by the
cal as well as hydrophobic shielding of the surface silanol commonn-alkyl type RP phases. In many cases a possible
groups, making them less accessible to polar solutes andcontribution of small variations in stationary phase design
water molecules. This results in an increased hydrolysis sta-are simply left aside or ignored, assuming that they may only
bility as well as increased hydrophobicity of the bonded RP have a minor influence on the retention behavior of the novel
phases. phase. But the truth is that every change in the construction
Besides that, there is also the possibility of introducing po- of the stationary phase, may it even be the absence of a sin-
lar groups into the hydrophobic lattice of a stationary phase. gle methylene group or its replacement by a hetero-atom,
In recent years polar endcappf®,20] as well as a large  changes the physical and chemical properties of the entire
variety of novel polar embedded RP phases were createdstationary phase and thus of its overall RP type selectivity.
and discussed in the literature, such as ether gr¢2ips Note thatn-alkyl chains with even numbers of carbon
acrylate[16,22], amide[23-26] carbamat§23,24,27] and atoms posses slightly higher capacity factors than such with
urea[28]. Similar to the sterically protecting groups, polar odd numbers. This strange appearing affect may have its
embedded groups incorporated near the silica surface alsarigin in the different crystalline states of oddalkanes,
provide a kind of sterical shielding of the surface silanol which crystallize in orthorhombic symmetry and even al-
groups, making them less accessible to interaction reactionskanes, which crystallize in triclinic symmetf{g0].
The major advantage of these polar groups is their ability to  Presently, short thiol-bearing ligands silanized onto sil-
interact with water molecules via hydrogen bonding. This ica gel are a common support for further modification reac-
increases the polarity near the silica surface and ensures dions of allyl-containing selector molecules via free radical
high solvatability of the entire hydrophobic phase even at addition employing a radical initiator such as azo-isobutyro
low percentages of organic modifigxl]. The hydrophobic nitrile (AIBN) [16,31,32] A possible contribution of the in-

ligand lattice is more stable in terms of phase colld28é corporated sulfur atom, concerning an active interaction in
at highly aqueous mobile phase conditions and provides im- separation was so far never discussed in this context, which
proved chromatographic performance for basic solutes. is rather surprising, considering that the outcome of such

Principally, there are two ways to prepare a polar em- a modification protocol is a polar sulfur-embedded and po-
bedded silica phase. The original method is a two-step sur-lar endcapped stationary phase, having a large number of
face modification reactiofi25,26] In this context, in the silanol groups replaced by 3-propylthiol groups.
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However, in proteomics, stacking interactions between selectivity, we compare a silanol-endcapped S-RP phase
sulfur bearing and aromat-ring bearing amino acids were ob- from a one-step approach to a corresponding phase prepared
served from the crystallographic data from protein structure by a two-step modification reaction. For a deeper under-
investigationg33,34] Deduced from these observations it standing of the retention mechanism of S-RP phases we also
was assumed that sulfur—aromatic interactions are of pro-investigated a non-modified, non-endcapped 3-propylthiol
nounced importance for a directed folding of polypeptide phase, quasi the backbone of thalkyl derivatized S-RP
chains as well as for the maintenance of protein stability phases as a control experiment.

[35]. NMR- and CD-studies showed side-chain—side-chain  The column tests from Engelhardt and Tanaka were em-
interactions between the sulfur-containing amino acids cys- ployed for a first tentative classification of the interaction
tein and methionine and the aromatic moiety of phenylala- properties exhibited by these novel S-RP phases, followed
nine within ana-helical conformatio{36]. Since there is by more specific investigations concerning polarity, shape
enough evidence for the presence and the significance ofselectivity, and separation efficiency. For this purpose, we as-
sulfur—aromatic interactions in biological systems, they may sembled solute test mixtures containing different functional
also have some influence on the chromatographic selectivityisomers and geometrical isomers as well as a collection of
of certain analytes, particularly those possessing aromaticpolyaromatic hydrocarbons, which differ in size and shape.
moieties, chromatographed on sulfur containing RP-type sta-

tionary phases.

However, and in another context, Porath ef{aF] intro- 2. Experimental
duced already in 1985 the importance of the so-called thio-
philic adsorption chromatographg8-40] for the selective 2.1. Chemicals
binding of immunoglobulins from human serum. Although
these so-called T-gels are already in use since two decades, Toluene was purchased from ACROS ORGANICS
the mode of interaction between such sulfur-bearing adsor-(Merck, Vienna, Austria). For synthesis freshly distilled
bents and proteins was so far not discussed and may be sultechnical chloroform and technical toluene were used.
ject of profound interest for future studies. Anthracene, benzene, benz[a]anthracene, biphenyl, butyl-

The aim of the present work was to investigate benzene, caffeine, chrysene, 4-dimethylaminopyridihi;
sulfur—aromatic interactions from a chromatographic point dimethylaniline, ethylbenzene, hydrochinone, naphthacene,
of view and to determine their contribution to the overall naphthalene,o-nitrophenol, p-nitrophenol, 1-octene, 1-
RP type selectivity. Hence, we denominate these new hy-octadecene, pentylbenzene, phenanthrene, phloroglu-
brid materials as S-RP phases. In order to determine thecin dihydrate, resveratrol,cis-stilbene, trans-stilbene,
influence of this polar sulfide linkage, which is positioned cis-stilbeneoxide, trans-stilbeneoxide, o-terphenyl, m-
rather close to the silica surface, we have prepared andterphenyl,p-terphenyl, 1-tetradecene, thiour@etoluidine,
tested a variety oh-alkyl based S-RP phases with sul- mtoluidine, triphenylene, and uracil were purchased from
fur bound n-alkyl chains of different number of C atoms Sigma-Aldrich (Vienna, Austria).

(n =0, 8, 14, 18) Fig. 1). These S-RP columns were also Benzo[c]phenanthrene was from Dr. Ehrendorfer GmbH
compared with monomericaldCig RP phases as well as  (Augsburg, Germany).
with a polymerical Gg PAH-phase of commercial origin. 3-Mercaptopropyltrimethoxysilane and hexamethyldisi-

To elucidate the difference between residual silanol lazane were from ABCR, Karlsruhe, Germany.
groups, residual thiol groups, and the actual incorporated m-Nitrophenol was from Hoechst and aniline, brenzcate-
sulfide sulfur in regards to their contribution to retention and chine, dichloromethane, armtoluidine were from LOBA
Feinchemie (Fischamend, Austria).

a,a-Azoisobutyronitrile, phenol, ethyl benzoate, pyrogal-
lol, and resorcin as well as HPLC-grade methanol, acetoni-

—OH trile, and chloroform were from Merck.
_O;s(\/\s—cmHzg Silica gels were KROMASIL-100 with a particle size of
~0 oH 5um, a pore size of 100A and a surface area of 3#4m
—o- sLCHa from AKZO NOBEL, Bohus, Switzerland and Prontosil-120
Si~ CH, . . . .
o CHe with a particle size of um, a pore size of 120A, and a
"SiTNTNS— G g surface area of 300%ty from Bischoff, Leonberg, Germany.
o on With exception of the g-SH column all stationary phases
were prepared with Prontosil-120.
C3-S-R/SH C3-S-C14 e.c.
R=H, C8,C14,C18 2.2. Equipment
Fig. 1. Chemical structures of investigated silica based polar embedded L
S-RP type stationary phases of differingalkyl chain length, with and Throughout all measurements a HPLC-system consisting

without silanol-endcapping (ec). of a L-6200A Intelligent Pump, a D-6000A Interface and a



180 J. Horak, W. Lindner /J. Chromatogr. A 1043 (2004) 177-194

L-7200 Autosampler from Merck-Hitachi, Darmstadt, Ger- 2.3.4. HPLC-columns

many was employed. The detection device was an UV-975 The elemental analysis of the modified S-RP type silica
Intelligent UV-vis single wavelength detector from Jasco, materials showed the following results;-€SH silica gel (C:
Biolab, Vienna, Austria. 3.96; H: 0.75; S: 2.38%; £-SH coverage: 2.36mol/n?),

If not otherwise stated, the following conditions were C3—S—G/SH silica gel (C: 11.30; H: 2.22; S: 2.57%;
maintained for all measurements: sample aliquots qfl10 C3-S-G coverage: 2.0amol/m?), C3-S—-G4/SH silica
were injected at a flow-rate of 1 mL/min. If not otherwise gel (C: 14.68; H: 2.84; S: 2.46%; 3€S—G4 coverage:
stated, the columns were thermostated at@0The void 1.82umol/m?), C3—-S—Gg4 ec silica gel (C: 13.55; H: 2.61;
volumes of the tested columns were determined with void S: 2.17%; G-S—Gg coverage: 2.1fmol/m?; C: 14.11;
volume markers, using uracil or thiourea. The composition H: 2.74; S: 2.12%: trimethylsilyl-coverage: 0.pnol/m?),
of the individual test mixtures are described in the corre- C3—-S—-Gg/SH silica gel (C: 15.70; H: 2.85; S: 2.42%;

sponding chapters. C3—S—Gg coverage: 1.5amol/n?). The abbreviation SH
stands for free non-end capped residual thiol groups and ec
2.3. Preparation of S-RP-type stationary phases stands for silanol end-capping.
All S-RP type stationary phases were packed in stainless
2.3.1. C3-SCg/SH and C3-S-C14/H steal columns of the dimension 150 4 mm by the Aus-
1-Tetradecene (13mmol) and 1-octene (13 mmol) were trian Research Center Seibersdorf. Four commercial fully
each immobilized onto 3g 3-propylthiol silica g@dl] endcapped RP-columns, an Inertsil ODS-3 and an Inertsil

(silane-loading: 2.@mol/m?) through a radical induced Cg-3 column from GL Sciences Inc., Japan with the col-
addition in 50 mL freshly distilled chloroform under nitro- umn dimension 150x 3mm, a Hypersil-BDS-¢g from
gen atmosphere, employing 50 mgx-azo isobutyro nitrile Hewlett Packard with the column dimension 1254 mm
(AIBN) as the radical initiator. The reaction vessel was and a Hypersil-green-PAH from Thermo Electron Corpo-

refluxed under stirring over night. ration with the column dimension 150 4 mm were also
tested. Particulars about the RP-packing materials as stated
2.3.2. C3-S-Cig/H as such by the manufacturer. The Inertsil silica gel has a

Five grams of 3-propylthiol silica gel, 1-octadecene particle size of jum, a pore size of 100 A, a pore volume
(21.8mmol), 50mg AIBN, and 50mln-heptane were of 1.05mL/g, and a surface area of 45&/q The Hypersil
evaporated on a rotary-evaporator af@o complete dry- BDS silica gel has a particle size ofyn, a pore size of
ness. The octadecene and AIBN coated 3-propylthiol silica 130 A, and a surface area of 178/ The Hypersil-green-
gel was refluxed in 50mL dry methanol under nitrogen PAH silica gel has a particle size ofy®n, a pore size of
atmosphere for 6 h. 120A, and a surface area of 178/m

2.3.3. C3—S—Cl4 ec
1-Tetradecene (52.2 mmol) was coupled onto 3-propyl- 3. Results and discussion
thioltrimethoxysilane (26.4 mmol) through a radical induced
addition in distilled toluene (10 mL) under nitrogen using 3.1. Characterization of SRP type HPLC-phases
AIBN (5mol%) as a radical starter. Although the com-
pleteness of the reaction was determined after 6 h reflux- Table 1gives an overview of all investigated S-RP type
ing through TLC (diethylether:ethylacetate 9:1), the reaction as well as some commercially availablalkyl type G and
time was prolonged by 2 h to ensure a complete reaction to C1g columns. All loading densities were calculated from the
1-tetradecylsulfanylpropyl-trimethoxysilane. data derived from the elemental analysis and the surface area
The 1-tetradecylsulfanylpropyl-trimethoxysilane solution of the crude silica gel. For the commercial phases, the data
and 4-dimethylaminopyridine as a catalyst were added to were provided by the corresponding companies.
a slurry of 5.5g Prontosil silica gel in 20 mL dry toluene As shown inTable 1 the ligand loading of the S-RP
and stirred for 15 h under reflux under nitrogen atmosphere. phases decreases with increasing ligand length for the
The so-obtained 1-tetradecylsulfanylpropyl-silica gel was sulfur boundn-alkyl chains. In the same order, the num-
end-capped with hexamethyldisilazan (8.4 mmol) in distilled ber of residual thiol-groups increases, whereas the num-
toluene by refluxing the slurry over night under nitrogen ber of free silanol groups remains the same. In contrast
flow. the 1-tetradecenylsulfonpropyl silica gel was prepared
All modified silica gels were filtered under vacuum and in a one-step procedure by immobilization of the cor-
washed successively with 4 75mL of reaction solvent, responding pre-modified trimethoxy-silane onto the sil-
with 4 x 75mL of hot methanol (techn. grade), with>x2 ica surface. The ligand density gained by this synthesis
25 mL of hot methanol (HPLC-grade) and with 50 mL petro- protocol was even higher than that of the-G—G/SH
lether. The silica gels for column-packing were then dried at phase, synthesized in a two-step approach. An additional
60°C over night, whereas the samples for elemental analy- endcapping reaction of this phase leads to &#%-G4
sis were dried at 60C under vacuum for at least 12 h. phase that possess a reduced number of remaining thiol
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Table 1

Summary of investigated-alkyl type RP phases and sulfur incorporated S-RP phases

Stationary phase Column labelling n-Alkyl chain (wmol/n?) Free SH umol/m?) Free O (wmol/m?)
Cis (polymeric) Hypersil green PAH 3.20 - ec
Cg (monomeric) Inertsil g3 2.08 - ec
Ci18 (monomeric) Inertsil ODS-3 1.54 - ec
Ci8 (monomeric) Hypersil-BDS-G 2.50 - ec
C3—S-Gg4 ec G-S-G4 ec 2.16 - ec
C3—SH/OH G-SH 2.36 2.36 5.6
C3—S—G/C3—SH/OH G-S-G/SH 2.06 0.49 54
C3—S—-G4/C3—SH/OH G-S—-Gu4/SH 1.82 0.62 5.4
C3—S—Gg/C3—SH/OH G-S-Gg/SH 1.56 0.84 54

a 3-Propylthiol loading: 2.gumol/m?.
b Maximum number of surface silanol groupspBiol/m?; in case of silanol-endcapping: ec.
¢ Approximate values calculated for 9 and 15% carbon loading for Inergila@d Inertsil-G materials.

groups as well as a reduced number of accessible silanolbenzoate, and toluene is directly correlated to an increased

groups. silanol activity. Strong peak tailing and increased retention
times for basic solutes in methanol-water is suppressed
3.2. Chromatographic test methods by using 1 mM phosphate buffer instead of pure water. A

comparison of the chromatograms for methanol-water and
The chromatographic column tests from Engelhardt and methanol-buffer gives therefore an approximate measure
coworkers[3,4] and Tanaka and coworke[s,6] were em- for the intensity of the silanol and/or thiol activity of a
ployed to evaluate the properties of our hybrid S-RP type stationary phase.
columns in comparison to three silanol-endcapped BP-C  The results of the Engelhardt test for both mobile phase
and RP-Gg columns. compositions is shown iRig. 2 for some S-RP phases with
Basically, both column tests provide information about the residual thiol groups, whil&ig. 3 provides the comparative
hydrophobic and silanophilic properties of tested reversed- results for commercial £and Gg phases plus a silanol-
phase columns. The Tanaka test, which actually comprisesendcapped and “thiol-free” 1-tetradecenylsulfanylpropyl
four tests is also equipped to describe the shape selective aphase. The main differences between the latter and the
well as the hydrogen-bond activity and ion exchange prop- comparative monomeric {g phases lies in the replacement
erties of a stationary phase. of one methylene group by a sulfanyl group compared to
Despite the fact that such chromatographic column testsCyg and a slightly higher ligand density for thes6&5-Ga
were originally designed to evaluatealkyl based RP-  ec phaseTable ).
HPLC-columns, mainly those of theg@nd Gg type, they Taking the different ligand loading, listed ifable 1for
may also provide valuable information about hybrid RP- the S-RP phases fig. 2ain account, then it becomes clear
materials carrying additional interaction sites, such as polar that the silanophilicity of the S-RP phases= 0, 8, 14, 18)
embedded groups. declines with increasing ligand density, which is reportedly
Also note that the determined “silanol activity” ought to higher for short ligands.
comprise not only the effect of the residual silanol groups  Naturally, a higher ligand density as well as a higher lig-
but possibly also that of the remaining 3-propylthiol groups. and length reduce both the accessibility of surface silanols
and propyl bound thiols for interaction with basic solutes.
3.2.1. Engelhardt test But the comparison of the chromatograms of thea@d the
The Engelhardt test used in this study comprised a setCig S-RP phase ifig. 2areveals the strong influence of the
of 10 solutes with differing structure and chemical prop- close proximity of aligned ligands, which seems to reduce
erties, employing the standardized mobile phase compo-the penetrability of solute molecules into the ligand lattice
sitions methanol-water 49:51 (w/w) and methanol-1 mM most effectively. However, the strong peak-tailing of basic
phosphate buffer (pH 7) 49:51 (w/w). test solutes on the polymeric Hypersil-green-PAH phase is
According to Engelhardt et al., the retention factor rather exceptional, especially since it is claimed to be fully
a(E/T) of ethylbenzene (E) and toluene (T) describes the silanol-endcapped and the results were generated on a newly
hydrophobicity of a tested column, while a comparison of purchased column.
peak symmetry and retention times for the basic solutes in The G-S—-G4 ec provides the same elution order for the
methanol-water and methanol-buffer provides information Engelhardt test-mix as observed on the Inertgg-@hase
about its residual-silanol activity. Generally, a separation of with overall increased retention times for all test solutes.
0-, m-, andp-toluidine and a change in the elution orders The co-elution of the three toluidine isomers in a sharp
of phenol and aniline as well &N-dimethylaniline, ethyl- symmetrical peak as well the nicely resolved elution of the
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Fig. 2. Separation of the Engelhardt test set containing thiouiga apiline @), phenol B), o-toluidine @), m-toluidine (), p-toluidine @),
N,N-dimethylaniline 7), ethylbenzoate8), toluene 9), and ethylbenzenel@), including separation factors(E/T) for toluene (T) and ethylbenzene (E),
«(T/DMA) for N,N-dimethylaniline (DMA) and toluene (T) ang((T/EB) for ethylbenzoate (EB) and toluene (T) in (a) methanol-water 49:51 (w/w) and
(b) methanol-1 mM phosphate buffer (pH 7.0) 49:51 (w/w)—1 mL/min@0254 nm onn-alkyl-type sulfur incorporated S-RP phases.

aniline peak prior to the phenol peaks are clear indicators for «(T/DMA) for the buffered mobile phase with decreasing

a successful silanol-endcapping of the-S—G4 ec phase.
The hydrophobicity termx(E/T) reflects the hydropho-

ligand length, in particular that of the sulfur-bonded alkyl
chains may be an indicator for electron—donor/acceptor

bicity increase with increasing ligand length without an interactions between the extended electron cloud of the
obvious effect of any variation in the ligand density. The sulfur and the aromatic moiety of the test solufédg].
C3-S-G4/SH phase and the corresponding endcapped The lowest values were observed for the non-endcapped
C3—-S-G4 ec phase provide thereby approximately the 3-propylthiol silica phase having the highest thiophilic
same hydrophobicity values, which are within the lower activity.
hydrophobicity range observed for commerciads®pe
RP phases.

The comparison of the separation facta@/EB) for
ethylbenzoate (EB) and toluene (T) awndT/DMA) for

3.2.2. Tanaka test

3.22.1. Tanaka test 1. The Tanaka test 1 irFigs. 4a
N,N-dimethylaniline (DMA) and toluene between different and 5acontains five solutes, uracil, butylbenzene, amylben-
phasesKigs. 2 and 3 and for both mobile phase compo- zene,o-terphenyl, and triphenylene. The separation factor
sitions ((a) and (b)) enables an estimation of the silanol «(A/B) of the two alkylbenzenes, butylbenzene (B), and
activity as well as the thiol activity of these novel stationary amylbenzene (A) describes the hydrophobicity of a column.
phases. Stationary phases that provide approximately thelt is often also stated ag(CH?2), because the increment of
samex(T/EB) anda(T/DMA) values for mobile phase (a) retention of alkylbenzenes that is caused by each additional
and (b) are mostly silanol endcapped. A declineOf/EB) methylene group depends on the surface coverage as well as
anda(T/DMA) for methanol-water in comparison to a high the alkyl chain length of the liganib]. The steric selectiv-
value for methanol-buffer is an indicator for a silanophilic ity is being measured by the separation faetfr/O) of the

and thiophilic activity of a stationary phase. The general non-planaro-terphenyl (O) and its highly planar analogue
decline of the stated separation factors, especially that oftriphenylene (T).
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Fig. 3. Separation of the Engelhardt test set containing thioui¢a apiline @), phenol 8), o-toluidine @), m-toluidine ), p-toluidine ),
N,N-dimethylaniline ¥), ethylbenzoate8), toluene 9), and ethylbenzenel@), including separation factors(E/T) for toluene (T) and ethylbenzene (E),
a(T/DMA) for N,N-dimethylaniline (DMA) and toluene (T) angl(T/EB) for ethylbenzoate (EB) and toluene (T) in (a) methanol-water 49:51 (w/w) and
(b) methanol-1 mM phosphate buffer (pH 7.0) 49:51 (w/w)—1 mL/min{@0254 nm on silanol endcapped RP and S-RP phases.

In accordance to the previously stated hydrophobicity ual propylthiol chains do not seem to contribute to the hy-
term «(E/T) from the Engelhardt test, the corresponding drophobic retention.
a(A/B) values of the Tanaka test also increase with increas- A rather unexpected result was the strong increase in
ing n-alkyl chain length and do not depend on the actual shape selectivity for sulfur incorporated RP phasdsiin 4
ligand density. Surprisingly, the(A/B) values for the com- compared to the monomeriealkyl type Gg-phases. The
mercial G and Gg phases are approximately the same as separation factaw(T/O) in Fig. 4aincreases gradually with
observed for the corresponding 3-propylthiol bound &hd increasing alkyl chain length of the sulfur bound ligand.
Cig-chain phases. Also thes€S—G 4/SH and the g-S—-G4 The highest values were obtained for the two thiol bearing
ec phases possess comparable hydrophobicity values, whiclphases 6-S—-G4/SH and G-S-Gg/SH. Surprisingly, the
are slightly lower then those obtained for the conventional C3—S—G4 ec Fig. 59 exhibited a shape selectivity index
Ci18 phases with the same number of overall bonds. It seemsthat is by 0.3 lower then its thiol group bearing analogue
obvious that the alkyl sulfide- and thiol-groups act as a and by 0.3-0.6 higher than for the two investigatad RP
kind of weak polarity barrier, which mainly emits the sul- phases. Note that already the 3-propylthiol backbone pro-
fur bound, mobile phase directed alkyl chain to effectively vides comparable and in some cases even higher shape se-
contribute to the overall hydrophobicity of the phase. The lective properties then the investigated monomeraikyl
propyl-chains below this sulfur barrier, including the resid- based RP-materials, although the retention is much reduced.
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Fig. 4. (a) Separation of the Tanaka test 1 set containing urBgib(tylbenzene3), o-terphenyl 8), amylbenzene4), and triphenylenes), including
separation factora(A/B) for butylbenzene (B) and amylbenzene (&);T/O) for triphenylene (T) ana-terphenyl (O), andy(A/O) for amylbenzene (A)

and o-terphenyl (O) in methanol-water 632:200 (w/w)—1 mL/min,°80 254 nm; (b) separation of the Tanaka test 2 set containing ufgcitgffeine

(2), and phenol J), including separation factaz(P/C) for caffeine (C) and phenol (P) in methanol-water 237:700 (w/w)—1 mL/miAC3@54 nm on
n-alkyl type sulfur incorporated S-RP phases; (c) and (d) separation of the Tanaka test 3 and Tanaka test 4, both containinghaazyigmine Z),

and phenol ), including the separation facta(P/BA) for benzylamine (BA) and phenol (P) in (c) methanol-20 mM phosphate buffer (pH 2.7) 30:70
and in (d) methanol-20 mM phosphate buffer (pH 7.6) 30:70.

Overall, it can be stated that the shape selective properties of Consequently, it can be stated that the incorpora-
sulfur-bearing RP phases are slightly enhanced to the corretion of a sulfide group within the alkyl chain has a
sponding monomerin-alkly-type phases and can be gener- higher influence on shape selectivity then any further
ally placed between the two extremes of the monomerically extension of the sulfur bound alkyl chain length, above
and the polymerically modified RP phases. a Cyg-chain. Besides the sulfur atom in the alkylsul-
Taking a close look on the chromatogramsHiy. 4g fide, also the thiol-sulfur provides an important elec-
it is apparent that the elution order of amylbenzene (A) tron donor source for electron—donor/acceptor interac-
and o-terphenyl (O) is reversed on S-RP phases. As illus- tion with aromatic solutes, providing thereby increased
trated inFig. 53 the separation factokgA/O) for conven- shape discriminating properties for hybrid S-RP phases
tional n-alkyl-type RP phases are approximately 1 or even and increased retention times for solutes with aromatic
higher than 1. Whereat for S-RP phases, #({a/0O) val- moieties.
ues decrease with decreasing hydrophobicity of the S-RP
phase and is lowest for the bare 3-propyl-thiol silica support. 3.2.2.2. Tanaka test 2. The Tanaka test 2 ifigs. 4b and
Judged by the low hydrophobicity and the relatively high 5bcomprises the compounds phenol (P) and caffeine (C). It
shape selectivity of the $SH phase, it can be proposed is claimed to trace hydrogen bonding interactions between
that this phase possesses high sulfur—aromatic interactiorsurface silanol groups and caffeine. On stationary phases
properties. Hencey(A/O) may be an useful indicator for  with high silanol activity, caffeine will observe a stronger
the electron—donor/acceptor activity of hybrid RP phases, retention and may even change the elution order with phe-
such as S-RP type anetRP type materials, which will be  nol. Hence, for non-endcapped RP pha&aéB/C) will show
discussed in referendd?]. values below 1.
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Fig. 5. (a) Separation of the Tanaka test 1 set containing urBgib(tylbenzeneZ), o-terphenyl 8), amylbenzene4), and triphenylenes), including
separation factora(A/B) for butylbenzene (B) and amylbenzene (&);T/O) for triphenylene (T) ana-terphenyl (O), andy(A/O) for amylbenzene (A)

and o-terphenyl (O) in methanol-water 632:200 (w/w)—21 mL/min,°80Q 254 nm; (b) separation of the Tanaka test 2 set containing ufgcitgffeine

(2), and phenol J), including separation factaz(P/C) for caffeine (C) and phenol (P) in methanol-water 237:700 (w/w)—1 mL/miAC3@54 nm on
silanol-endcapped RP and S-RP phases; (c) and (d) separation of the Tanaka test 3 and Tanaka test 4, both contaitjpdpemayibtine Z), and
phenol @), including the separation facte(P/BA) for benzylamine (BA) and phenol (P) in (c) methanol-20 mM phosphate buffer (pH 2.7) 30:70 and
in (d) methanol-20 mM phosphate buffer (pH 7.6) 30:70; abbreviation n.a. for not applicable.

Concerning the hydrogen bonding teatiP/C) inFig. 4h was already frequently in use and surely possesses a certain
it is obvious that the &-SH phase possess the highest hy- amount of accessible silanol groups. The te{/C) value of
drogen bonding activity. The values obtained by the other the Hypersil-green-PAH column and the considerable tailing
thiol bearing phases decrease slightly with increasing ligand of the benzylamine peak iRig. 5¢c and dclearly indicate
length, because that implicates an increase of the thiophilicthe presence of active sites for ion-pairing and hydrogen-
and silanophilic activity due to an enhanced accessibility, bonding interactions.
provided by the reduced ligand densities.

Comparing again the thiol-bearingg€5—-G 4 phase with 3.2.2.3. Tanaka test 3 and Tanaka test 4. In the Tanaka
its endcapped analogue and with the RP type C18 phasestests 3 and 4, which are shown figs. 4c and d and 5c
then thex(P/C) values decline in the following order, which and dcaffeine is replaced by the strong base benzylamine
is also the order of increasing hydrogen bonding activity: ((B); pKa 9.4). The different pH of the buffered mobile
Inertsil-Cig > Hypersil-green-PAH > -S—-G4 ec > HP- phases of the Tanaka test 3 (pH 2.7) and the Tanaka test 4
BDS-Cyg > C3—S—G4/SH. The fairly new Inertsil-gg phase (pH 7.6), indicates the presence as well as the acidity of the
provide higher values then the HP-BDQg&olumn, which accessible silanol groups. While under both pH conditions,
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Fig. 6. Separation of PAH test set 1 containing urat)l penzene ), naphthalened), biphenyl @), phenanthrene5}, anthracenef), o-terphenyl 7),
pyrene 8), and triphenylene9), including separation factorgT/O) for o-terphenyl (O) and triphenylene (T) angB/N) for naphthalene (N) and biphenyl
(B) in (a) methanol-water 80:20 (v/v) and (b) acetonitrile—water 60:40 (v/v)—1 mL/miAC3@60 nm om-alkyl based sulfur incorporated S-RP phases.

benzylamine is protonated and therefore ionized, the extentgroups on the silica surface, which can also be considered

of deprotonation for silanol groups depend highly on their as weakly acidic sites. The interference of residual silanol-

pKa-value, which may vary between 1 and [i. groups may be excluded, since the phase is fully endcapped.
It can be expected that at a pH of 2.7 most silanol groups

are undissoziated and undergo hydrogen-bonding interac-3.3. Polycyclic aromatic hydrocarbons (PAHS)

tion with benzylamine. However, although low in their

average amount{less than 1%), those silanol groups with In order to investigate the influence of sulfur—aromatic in-

pKa-values below 2.7 are nevertheless highly acidic and teractions on the shape selectivity of hybrid-RP phases com-

therefore highly reactive. These acidic silanol groups will pared to conventional brush-type and polymeric RP phases,

obviously interact with benzylamine in an ion-exchange two different sets comprising polycyclic aromatic hydro-

reaction, providing the strong peak tailing of benzylamine carbons were assembled and separately investigated. An

observed inFigs. 4c and 5cAt pH 7.6, however, most  extended summary of all investigated PAHSs, including their

silanol groups will be dissoziated and fully account for molecular weight, number af-electrons, length-to-breadth

an ion-exchange interaction with benzylamine, which is (L/B) values and their thickne$43] is provided in[42].

clearly illustrated by its extreme peak tailing and by its

strong and even irreproducible retention of benzylamine on 3.3.1. PAH test set 1

non-silanol-endcapped phasedHigs. 4d and 5d The first test set contains eight polycyclic aromatic hydro-
The chromatograms of the 3€S—-G4 ec column in carbons, which differ strongly in their size and shape. Note

Fig. 5¢ and dclearly demonstrate the presence of resid- that with exception of biphenyl anmterphenyl all polyaro-

ual thiol-groups (Ka 10.61), which may have their origin  matic test solutes are planar. The separation factors for the

in the formation of disulfide bonds between the 3-propyl- planar/non-planar couplegT/O) for triphenylene (T) and

(trimethoxy)-silane molecules during the one-pot radical o-terphenyl (O) as well ag(B/N) for biphenyl (B) and naph-

addition of then-alkene. The breakage of the disulfide- thalene (N) are investigated as possible measures for shape

bonds may then lead to trace amounts of free 3-propylthiol selectivity. Their values are listed beside the chromatograms
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Fig. 7. Separation of PAH test set 1 containing urat)| penzene 2), naphthalene3d), biphenyl @), phenanthrene5j, anthracene6), o-terphenyl ),
pyrene 8), and triphenylene9), including separation factorgT/O) for o-terphenyl (O) and triphenylene (T) aagB/N) for naphthalene (N) and biphenyl
(B) in (a) methanol-water 80:20 (v/v) and (b) acetonitrile—water 60:40 (v/v)—1 mL/miAC3@60 nm on silanol-endcapped RP and S-RP phases.

in Figs. 6 and 7Note that triphenylene ar@terphenyl were However, the different elution order af-terphenyl {)
already earlier discussed as essential compounds of the chroeompared to the other PAHs iRig. 6 and Fig. 7 clearly
matographic column test from TanakaSection 3.2.2and illustrates the influence of the organic modifier on the shape

shall therefore not be discussed too widely in this context. selective properties of a stationary phase. It is also apparent
In order to investigate the influence of different organic that the retention times of all solutes increase with increasing
modifiers on the overall retention behavior of these new n-alkyl chain length and also increase with the change of
polar embedded and quasi also “polar endcapped” phasesprganic modifier from methanol (a) to acetonitrile (b) under
all measurements were performed with agueous mobile isoeluotropic conditions, which may be the result of a better
phases employing methanol and acetonitrile under isoelu-wetting of the hydrophobic ligands by acetonitrile.
otropic conditions[44]. The use of isoeluotropic eluent A comparison of thex(T/O) values shows clearly the
mixtures shall provide equal solvent strength for the two contribution of the sulfur groups incorporated into the
binary mixtures and enable thereby an adequate illustrationRP phase as well as the influence of the increasing hy-
of the different properties and influences of the two organic drophobicity with increasing alkyl chain length. Although
modifiers on solute retention. Since the selected PAHs dothe bare 3-propylthiol phase provide4T/O) values that
not carry any functional groups, differences in mobile phase are comparable or even higher than those obtained for the
composition were assumed to only influence the absoluteinvestigated monomeric RP phases, the overall retention
retention times, but ought not to change the order of elution. times on the @-SH phase are rather low. This shortcoming
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is counteracted by extending these short surface bound
3-propylthiol-ligands with hydrophobic alkyl chains. The 5 6 12,1 gt 142
additional hydrophobicity increment provided by time s aom: 095
alkyl chain ligands that are directed towards the mobile (&) O:o 9 amy:  1.50
phase, not only increases the overall retention times, but g

also amplifies their shape selective properties due to hy-
drophobic interactions as well as sulfur—aromatic interac-
tions. Also the small planar/non-planar couple naphthalene
and biphenyl exhibits a slight selectivity enhancement with
increasing ligand lengthg. 6). This occurrence may have
its origin in the higher hydrophobicity as well as the higher
w-electron density of the biphenyl molecule, which is by
two C-atoms and twar-electrons larger than naphthalene.

C3-S-C14/SH

LIS S e e By e I By e s

A comparison of the &-S—G4/SH phase irFig. 6 with 0 30

the endcapped analogue kig. 7 reveals slightly higher & 1,12 amm: 1.09
retention times and a by 0.45 highe(T/O) value for the 5 0, 10 apm: 095
thiol-bearing phase. It may be assumed that the residual & . oy = 1415
thiol-groups generated by the two step-approach contribute & 13
to some extend to the shape selective properties of S-RP JJ
phases. rorrrrmrm T
At this point it can be concluded, that hydrophobic in- 9,10-13 100
teraction is the dominant interaction mode for S-RP type = womt 100
stationary phases. For the investigated set of small PAHS, 8 aqmy:  1.00
the contribution of a S-aromatic interaction provide only a
slight increase in planar recognition compared to the con- 1
ventional brush-type RP phases, but leads to a large increase R R e e R RN EE LSS ]
in retention. The overall selectivity of the investigated S-RP g 0 1 & 8 45 6T 890
phases become, however, comparable to that of the poly- ; man enm s 127
meric Hypersil-green-PAH column. ot o * 110
i 9/l 13 oy 116
3.3.2. PAH test set 2 2
In contrast to the first PAH test set, this following se- I S —
lection of PAHs comprise a set of isomeric four-ring PAHs E 0 5 10 s 20 2 %
(compound$-13), which differ only in their spatial shape, s 1 anm: 446
which in actual fact defines their contact and interaction area g 9 amm: 083
with the stationary phase. = 10 12 aguwy i 5:38
As shown inFig. 8 the best separation of all four-ring g " 13
isomers was obtained on the polymeriggphase, while z AN
no separation was achieved on thg—-SH phase. How- A U U

ever, with the increase in hydrophobicity, provided by the
n-alkyl chain ligands that are bound to the 3-propylthiol Fig. 8. Separation of the PAH test set 2 containing urab] {ripheny-
lene @), tetrahelicene 10), chrysene 11), tetraphene 12), and naph-

phase, the shape selective properties of the S-RP phase Ir1t_hau:ene 13) including the separation factosgN/T) for naphthacene (N)

creases with increasing length of thekalkyl ligand. The and triphenylene (T)«(H/T) for tetrahelicene (H) and triphenylene
C3—S—Gg/SH phase enables the separation of tetrahelicene,and «(N/H) for naphthacene and tetrahelicene in methanol-water 80:20
triphenylene and naphthacene. The isomers chrysene andv/v)—1mL/min, 30°C, 270 nm.

tetraphene are not separated on the-%-Gg/SH phase,

while the Hypersil-green-PAH column separates all isomers

at double the elution time compared to the latter. Note, that same aromatic stilbene backbone, but differ in their overall
all chromatograms were taken under standardized mobilepolarity and shape. The polarity increases from stilbene
phase conditions and do not resemble the optimum separaand stilbene oxide to resveratrol, and provide in case of

tion parameters of the respective phases. stilbene oxide and resveratrol additional hydrogen bonding
sites for interaction with the sulfide groups as well as the
3.4. Separation of cig/trans-isomers remaining thiol and silanol groups of the S-RP phases.

Furthermore thecis- and trans-isomers differ strongly in
The cis- andtrans-isomers of three stilbene-derivatives, shape and provide thereby a separation due to the different
namely stilbene, stilbene oxide and resveratrol comprise theshape selective properties of the investigated hybrid S-RP
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Fig. 9. Separation of uracillf andcis (2)/trans (3) isomers of stilbene (a), stilbene oxide (b), and resveratrol (c) in methanol-water 70:30 (v/v) at a flow
rate of 1 mL/min and a detection wavelength of 280 nm for stilbene and resveratrol and 254 nm for stilbeneoxidékybtype sulfur incorporated
S-RP phases; including the separation factgf&/C) for the cis- (C) and thetrans-isomers (T).

phases. The separation facta/C) for the cis (C) and Note, that on common RP phast@ans-resveratrol al-
the trans (T) isomers of the three test sets are listesit ways elute before itsis-analogue, even on the polymeric
the corresponding chromatogramsHigs. 9 and 10 Hypersil-green-PAH phase. The reason for this phenomenon

In accordance with the previously obtained results, the is the more accessible hydrophobic area of theform,
retention times as well as the shape selectivity marker which enables better hydrophobic interaction possibilities
a(T/C) of the test solutes stilbene and stilbene oxide in- with the reversed-phase material. On the other hand all three
crease with increasing ligand lengtRig. 9 of the S-RP hydroxy-groups are concentrated on the other side of the
phases. Surprisingly, already the-«SH phase provide a  molecule, enabling thereby a “half-way” penetration of the
nice separation of the void volume marker uracil from the molecule into the hydrophobic lattice of the stationary phase
isomer couples of stilbene and stilbene oxide. For resver-and providing thus a slightly better retention of this-
atrol under the standardized mobile phase condition with isomer compared to itsans-analogue.

70% methanol, all three peaks co-eluted on the-$H

phase, whereas for the other S-RP phases at least a baselir@5. Separation of functional and positional isomers

separation from uracil could be achieved. A comparison

of the thiol-bearing and the endcappeg-S—G4 ec phase In the following study different functional and positional
leads to comparable separation factors for the isomers. Theisomers were chosen as test solutes to investigate the in-
chromatograms irFig. 10 illustrate clearly the enhanced teraction properties of different functional groups on sulfur
shape selectivity of the $=S—G4 ec phase compared to the incorporated RP phases. Hence, tného, meta, and para
other monomerically modified non-sulfur bearimeggalkyl isomers of dihydroxy benzene, nitrophenol, and terphenyl
phases. However, a comparison of the-6-G4 ec phase  were selected as possible test compounds. While every ad-
with the polymeric Hypersil-green-PAH phase results in a ditional electron-donating hydroxy group increases the elec-
stronger retention of stilbene and stilbene oxide at reducedtron density of the benzene ring, the electron-withdrawing
«(T/C) values for the S-RP phase. nitro group provides an electron deficiency.
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Fig. 10. Separation of uracill] and thecis (2)/trans (3) isomers of stilbene (a), stilbene oxide (b), and resveratrol (c) in methanol-water 70:30 (v/v) at
a flow rate of 1 mL/min and a detection wavelength of 280 nm for stilbene and resveratrol and 254 nm for stilbeneaxalkybtype RP phases and
a sulfur incorporated S-RP phase with silanol-endcapping (ec); including the separation d&€t@sfor the cis- (C) and thetrans-isomers (T).

3.5.1. Isomers of terphenyl The increased retention times as well as the higher sepa-
As previously shown for the Tanaka test and the PAH test ration factors for thertho and themeta isomers inFig. 11c

set 1,o-terphenyl is a non-planar polyaromatic compound compared to the monomericigphases irFig. 12¢ illus-
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