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I. SUMMARY

I.1 Summary (English)

Over the past few decades, new analytical challenges have driven advances in 

chromatographic methods and techniques. In the field of liquid chromatography, 

this has led to improved hardware, automated sample pretreatment, and 

novel stationary phases. For stationary phases, new demands have merged on 

efficiency, chemical stability, and new or combined separation mechanisms, 

leading to the development of monolithic phases, advanced spherical silica 

supports (core-shell particles, sub-2µm particles), microfluidic pillar-array columns, 

silica-based hybrid materials, organic polymeric spheres, inorganic non-silica 

supports, novel stationary phase surface chemistries, and mixed-mode stationary 

phases. However, spherical silica has remained the predominant support 

material for stationary phases in liquid chromatography due to its high 

mechanical strength and ease of functionalization. 

However, there are some limitations to silica-based stationary phases. 

Typically, only 50% of the surface silanols can be functionalized, resulting in 

unwanted additional interactions between the remaining silanols and 

the analytes. This can lead to recovery issues, poorly shaped peaks and 

low efficiency. In addition, silica and its embedded functional ligands are 

typically prone to hydrolysis. As a result, unfavorable background noise in mass 

spectrometric detection accompanied by high limits of detection and 

quantification, limited robustness of analytical runs, and short column lifetimes 

can be observed. Moreover, although a wide range of columns with different 

surface chemistries and selectivities are commercially available, many analytical 

separation problems cannot be adequately solved with these available columns 

alone due to lack of separation selectivity. To this end, the use of orthogonal 

stationary phases within multidimensional chromatography setups and mixed-

mode phases can provide a remedy and has led to increased research activity in 

this area. 

In order to better understand the background of some of these drawbacks
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and to ultimately overcome them, the presented studies were carried out to design 

and carefully investigate surface chemistries of stationary phases and to 

develop advanced synthesis strategies for surface modification of silica. 

In the first study, the influence of the individual structural components of the 

chromatographic zwitterionic mixed-mode ligands of the commercial chiral 

columns Chiralpak ZWIX(+) and ZWIX(-) was investigated to improve the 

understanding of the chromatographic behavior of these phases. To this end, a 

series of new stationary phases were synthesized by a fragment-based design 

through incremental fragmentation of the chromatographic ligands. The removal of 

certain structural elements of these zwitterionic selectors resulted in mixed-mode 

phases of the type RP/ZWIX, RP/WAX and RP/SCX with modulated surface 

charge and hydrophilicity and therefore distinct selectivities. The phases were 

subjected to chromatographic tests under RP and HILIC conditions and compared 

with a large number of commercial columns by principal component analysis, 

illustrating the orthogonality of the new phases to each other and to other 

commercial RP, HILIC and MMC SPs. In addition, the contributions of the building 

blocks to the surface charge of the SPs were investigated in detail by determining 

ζ-potentials of the modified silica particles and electrophoretic mobilities of the free 

ligands in the pH range of pH 3.5 to 9.5. The combination of the ζ-potential 

measurements of the modified particles and the obtained electrophoretic 

mobilities of the individual ligands also enabled the influence of the remaining 

silanols of the silica support to be estimated. This is a valuable information, since 

the free silanols on the silica surface can contribute significantly to the 

chromatographic process through ionic interactions, especially at higher pH 

values, and other secondary interactions.1 

The second study addressed the proof-of-principle of thiol-ene photo-click 

immobilization of a chiral vinyl ligand onto silica particles for the preparation 

of chiral stationary phases. Several different chemical approaches were 

evaluated, including brush-type attachment of the ligand to thiol silica and 

attachment to vinyl silica via a polythiol crosslinker. A number of different

HILIC: hydrophilic interaction liquid chromatography, MMC: mixed-mode chromatography, RP: 
reversed-phase (chromatography), SCX: strong cation exchange, SP: stationary phase, WAX: weak 
anion exchange, ZWIX: zwitterionic ion exchange 
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synthetic approaches were compared in terms of selector coverage and 

chromatographic performance. Synthesis conditions were systematically 

optimized with respect to reaction time, educt concentrations in the reaction 

mixture, and type of initiation. Brush-type immobilization resulted in lower 

selector coverage compared to polythiol-mediated immobilization. Photo-click 

immobilization of the selector via coated polythiol film resulted in approximately 

the same surface coverage as the approach in which all reactants, including 

polythiol, were suspended in the vinyl silica slurry. In conclusion, thiol-ene 

photo-click immobilization of vinyl ligands on silica proved to be an 

alternative strategy to the standard thermally initiated immobilization reaction. 

The third study focused on the synthesis of polythiol-silica, which is an 

extremely stable and easily modifiable platform for the preparation of stationary 

phases. The hydrolytic stability of such polymer-coated phases is attributed 

mainly to the multi-point attachment of the polymer film to the silica support, 

resulting in less column bleeding than their brush-type counterparts. The thiol 

groups of such polythiol-silica, which can be easily modified, for instance via thiol-

ene click reactions, also facilitate the attachment of specifically designed 

chromatographic ligands and therefore the simple preparation of stationary 

phases with novel selectivies. Against this backdrop, the reproducible 

preparation of polythiol-silica with controlled sulfhydryl content was developed 

in this study and photo-induced and thermally induced synthesis strategies 

compared. To this end, the reaction conditions were optimized for both 

approaches by means of a design of experiments strategy. The thickness of the 

grafted polythiol layer on the modified silica particles was evaluated by 

determining the sulfur content by elemental analysis. The number of 

remaining sulfhydryl groups available for further reactions was determined 

using a thiol-disulfide exchange reaction specifically designed for this purpose. 

By combining the elemental analysis results with the number of free sulfhydryl 

groups, it was also possible to calculate the number of crosslinks of the 

polymer film to the support, which determines the hydrolytic stability of the 

surface coating. It was found that the photo-induced reaction had significantly 

higher kinetics than the thermally induced one and therefore required shorter 

reaction times. However, this gain in time was accompanied by poorer control of 
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the reaction. Thus, the thermal reaction was ultimately used to produce the 

optimized polythiol-silica. Finally, the polythiolated silica particles were further 

modified for argentation chromatography and chiral separations, which clearly 

demonstrated its versatility and usefulness as stable-bonded platform for the 

creation of stationary phases with distinct selectivities. 

In the fourth study, a novel approach for thiol functionalization of silica was 

implemented by using (3-mercaptopropyl)silatrane for silanization and compared 

with the classical silanization reaction using the corresponding alkoxysilane. It was 

found that functionalization with the silatrane leads to a significant elevation in the 

proportion of triple-bound ligands as well as to a significantly increased ligand 

loading density, which was close to the theoretical maximum. Furthermore, the 

determination of C-terms by van-Deemter-analysis indicated a reduced thickness 

of the ligand film on the silica surface for the silatrane-based stationary phase. 

This can be explained by the cage-like structure and the transannular N→Si bond, 

which leads to a severe hydrolytic stability of the silatrane and thus prevents 

oligomer formation in the reaction solution. In contrast, this oligomerization can 

occur for the corresponding alkoxysilane in the presence of even small traces of 

water in the reaction solution during the silanization procedure. As a result, 

oligomers instead of monomers are immobilized on the silica surface, which leads 

to thicker layers and eventually negatively affects the mass transfer resistance. 

For applications where fast separations are required but the flow rate of the 

mobile phase is often limited by the mass transfer resistance, this improvement in 

chromatographic efficiency through the use of silatranes is of particular interest.  

The fifth study was devoted to the hydrolytic stability of amino phases. 

Amino-functionalized silica particles are widely used in many analytical fields 

and chromatographic modes, but typically suffer extensively from 

hydrolytic cleavage of the embedded functional ligands due to the catalytic effect 

of the amino group itself, resulting in short column lifetimes, limited 

robustness of analytical runs, and unfavorable background noise in mass 

spectrometric detection. To overcome this problem, amino groups of 

aminopropyl-modified silica were cross-linked with triglycidyl isocyanurate, 

forming an extensive cycloamido-amino network on the silica surface. In 

addition, the initial amino functionalization was carried out by silanization using a
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silatrane, yielding a high percentage of trifunctionally bound aminopropyl ligands. 

Subsequently, the obtained amido-amino phase was compared to a set of in-

house prepared amino phases with different surface chemistries and to two 

commercial amino columns in terms of hydrolytic stability and chromatographic 

properties. As a result, the novel phase exhibited significantly higher hydrolytic 

stability than the precursor aminopropyl silica and achieved column stability 

characteristics comparable to a commercial highly stable polymeric amino 

column. In addition, the classical chromatographic properties were largely 

retained after crosslinking, making the novel amido-amino silica an excellent 

stable-bonded alternative to classical amino phases.2 

In the sixth study, a wide pore RP/WAX-type mixed-mode stationary phase with 

pH-dependent charge reversal was designed and synthesized for 

particularly hydrophobic charge-induction chromatography of proteins. HCIC is a 

promising alternative technique for purification and analysis of proteins 

and other biomolecules, since mild elution conditions can be applied and 

orthogonal retention profiles achieved. Therefore, silatranes were used to 

simultaneously immobilize octyl and pyridylethyl ligands on the same silica 

support. The obtained material exhibited a surface charge reversal at about pH 

5.5, enabling its application in HCIC. Typically, in HCIC, analytes are first 

adsorbed on the stationary phase due to hydrophobic interactions and then 

eluted from the column in a second step due to electrostatic repulsion. This 

repulsion is usually induced by reversing the charge of the stationary phase by 

changing the pH of the mobile phase. Subsequently, a number of distinct 

proteins with different hydrophobicities and isoelectric points were applied to 

the stationary phase under HCIC and additionally under gradient-RP 

chromatography conditions. The elution order of the proteins obtained under 

these conditions was reversed, clearly demonstrating the orthogonality of the 

two chromatographic modes applied and the applicability of the stationary phase 
to both modes. Therefore, the octyl/pyridyl stationary phase demonstrated to 

be a promising new material for the analysis of biomolecules (such as 

proteins) by exploiting their hydrophobic and charge properties. 

HCIC: hydrophobic charge-induction chromatography, RP: reversed-phase (chromatography), 
WAX: weak anion exchange, SAX: strong anion exchange
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The seventh study involved the preparation of a new set of three triphenyl-

modified stationary phases with and without embedded ion-exchange sites, 

yielding RP-, RP/SAX-, and RP-ZWIX-phases. The introduction of the bulky 

triphenyl ligands was intended to shield free silanols on the surface of the silica 

support, as well as to facilitate hydrophobic and other classical phenyl-typical 

interactions with analytes. The additional introduction of sulfonate and 

phosphonium groups, which are permanently charged under 

chromatographic conditions, was intended to allow electrostatic interactions 

and, in sum, to lead to unique new selectivities. Thiol silica was employed as 

the platform for the introduction of the triphenyl ligands. The latter was 

prepared by an innovative silatrane functionalization approach using pre-

wetted silica as starting material. This approach represents an improvement 

over the approach presented in the fourth study and, in particular, led to a 

higher accessibility of the embedded thiol groups. The introduction of bulky 

triphenyl moieties and the formation of a dense polysiloxane layer (due to 

silanization with silatranes) resulted in increased shielding of silanols, as 

indicated by chromatographic tests. The developed triphenyl columns were 

finally applied to liquid chromatographic analysis of the biomolecules 

teicoplanin and patisiran, which demonstrated the orthogonality of the three 

phases and indicated the promising fit of the concept for biomolecule analysis. 

RP: reversed-phase (chromatography), SAX: strong anion exchange, ZWIX: zwitterionic ion 
exchange 
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I.2 Summary (German)

In den vergangenen Jahrzehnten kam es aufgrund stets neuer analytischer 

Herausforderungen zu zahlreichen Fortschritten im Bereich chromatographischer 

Methoden und Techniken. In der Flüssigkeitschromatographie hat dies 

insbesondere zur Entwicklung verbesserter Hardware, automatisierter 

Probenvorbereitungen und neuartigen stationären Phasen geführt. An stationäre 

Phasen wurden insbesondere gesteigerte Anforderungen an deren Effizienz und 

chemische Stabilität gestellt, sowie neue oder kombinierte Trennmechanismen 

gefordert. Dies führte zur Entwicklung monolithischer stationärer Phasen, 

verbesserter sphärischer Silikageler (Kern-Hülle-Partikel, sub-2μm Partikel), 

mikrofluidischer Säulenarray-Säulen, silikabasierter Hybridmaterialien, organischer 

Polymerphasen und anorganischer, nicht silikabasierter Materialien, sowie 

neuartiger Oberflächenchemien und stationärer Mixed-Mode-Phasen. Silikagel 

stellt jedoch aufgrund seiner hohen mechanischen Stabilität und seiner einfachen 

Funktionalisierbarkeit weiterhin das vorherrschende und am häufigsten 

verwendete Trägermaterial zur Herstellung stationärer Phasen in der 

Flüssigkeitschromatographie dar. 

Stationäre Phasen auf Silikagelbasis weisen jedoch neben ihren vorteilhaften 

Eigenschaften auch einige Nachteile auf. So können nur maximal 50 % der 

Oberflächensilanole funktionalisiert werden, wodurch es zu unerwünschten 

zusätzlichen Wechselwirkungen zwischen den verbleibenden, nicht modifizierten 

Silanolen und den Analyten kommen kann. Diese Wechselwirkungen führen 

typischerweise zu Wiederfindungs- und Rückgewinnungssproblemen bestimmter 

Analyte, ungleichförmigen Peaks und geringer chromatographischer Effizienz der 

stationären Phasen. Des Weiteren sind silikabasierte Phasen in der Regel 

hydrolytisch instabil. Hierbei kann es sowohl zur Auflösung des 

Trägermaterials, als auch zur Ablösung der verankerten chromatographischen 

Liganden und somit zu Säulenbluten kommen. Dies kann insbesondere zu 

hohem Hintergrundrauschen bei der massenspektrometrischen Detektion mit 

einhergehenden erhöhten Nachweis- und Quantifizierungsgrenzen, sowie zu 

einer eingeschränkten Robustheit und Reproduzierbarkeit der Analysen führen. 

Ebenfalls wird die Laufzeit der chromatographischen Säulen durch die 

hydrolytische Instabilität solcher Phasen negativ beeinflusst. Hinzu kommt, dass
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zwar bereits eine große Bandbreite an stationären Phasen mit 

unterschiedlichen Oberflächenchemien und Selektivitäten kommerziell verfügbar 

ist, viele analytische Trennprobleme jedoch aufgrund mangelnder 

Trennselektivität mit diesen kommerziell verfügbaren Säulen alleine nicht 

ausreichend gelöst werden können. Der Einsatz von orthogonalen 

stationären Phasen in mehrdimensionalen chromatographischen 

Gerätekonfigurationen, sowie die Verwendung von Mixed-Mode-Phasen ist 

hierfür ein möglicher Lösungsansatz und führte folglich zuletzt zu verstärkten 

Forschungsaktivitäten auf diesem Gebiet. 

Um den Hintergrund einiger dieser nachteiligen Eigenschaften besser 

zu verstehen und deren Effekt schlussendlich zu verringern oder gänzlich 

zu überwinden, wurden die in dieser Thesis präsentierten 

Forschungsarbeiten durchgeführt. Diese behandelten insbesondere das 

Design und die Charakterisierung der Oberflächenchemie stationärer 

Phasen, sowie die Entwicklung alternativer Synthesestrategien für die 

Oberflächenmodifikation von Silikagelen.

In der ersten der präsentierten Forschungsarbeiten wurde der Einfluss 

der einzelnen Strukturkomponenten der chromatographischen, zwitterionischen 

Mixed-Mode-Liganden der kommerziellen chiralen Säulen Chiralpak ZWIX(+) 

und ZWIX(-) untersucht, um das Verständnis des chromatographischen 

Verhaltens dieser Phasen zu verbessern. Zu diesem Zweck wurde eine Reihe 

neuer stationärer Phasen durch schrittweise Fragmentierung der 

chromatographischen Liganden synthetisiert. Die Entfernung bestimmter 

Strukturelemente dieser zwitterionischen Selektoren führte zu Mixed-Mode-

Phasen vom Typ RP/ZWIX, RP/WAX und RP/SCX mit modulierter 

Oberflächenladung und Hydrophilie und folglich unterschiedlichen 

Selektivitäten. Die Phasen wurden chromatographischen Tests unter RP- 

und HILIC-Bedingungen unterzogen und mittels Hauptkomponentenanalyse mit 

einer großen Anzahl kommerzieller Säulen verglichen, wodurch die 

Orthogonalität der neuen Phasen untereinander, aber auch zu anderen RP-,

HILIC: Hyrophile Interaktionschromatographie, RP: Umkehrphasenchromatographie, SCX: 
Starke Kationenaustauschchromatographie, WAX: Schwache Anionenaustausch-
chromatographie, ZWIX: Zwitterionische Ionenaustauschchromatographie 
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HILIC- und MMC-SPs verdeutlicht wurde. Darüber hinaus wurden die 

Beiträge der einzelnen Strukturbestandteile zur Oberflächenladung der 

stationären Phasen eingehend untersucht, indem die Zetapotentiale der 

modifizierten Silikapartikel und die elektrophoretischen Mobilitäten der freien 

Liganden im pH-Bereich von pH 3,5 bis 9,5 bestimmt wurden. Die 

Kombination der Zetapotentialmessungen der modifizierten Partikel und 

die erhaltenen elektrophoretischen Mobilitäten der einzelnen Liganden 

ermöglichte des Weiteren die Abschätzung des Einflusses der verbleibenden 

Silanole des Trägermaterials. Dies ist eine wertvolle Information, da die freien 

Silanole auf der Silikaoberfläche durch ionische Wechselwirkungen, 

insbesondere bei höheren pH-Werten, und andere sekundäre Wechselwirkungen 

erhebliche Auswirkungen auf den chromatographischen Prozess haben können.

Die zweite Forschungsarbeit befasste sich mit der Eignung der photoinduzierten 

Thiol-En-Click-Reaktion zur Immobilisierung eines chiralen Vinylliganden auf 

Silikapartikeln zum Zweck der Herstellung chiraler stationärer Phasen.  Es wurden 

verschiedene Syntheseansätze evaluiert, die sowohl die bürstenartige 

Immobilisierung des Liganden an Thiol-Silika als auch die Immobilisierung des 

Liganden über ein Polythiolnetzwerk auf Vinylsilika umfassten. Die Ansätze 

wurden hinsichtlich der Selektordichte und der chromatographischen Leistung 

verglichen. Die Synthesebedingungen wurden hinsichtlich Reaktionszeit, 

Eduktkonzentrationen im Reaktionsgemisch und Initiierungsart systematisch 

optimiert. Die Bürstenimmobilisierung führte zu einer geringeren Selektordichte im 

Vergleich zur Thiolpolymerimmobilisierung. Die Photoklick-Immobilisierung des 

Selektors über einen zuvor immobilisierten Polythiolfilm führte zu einer annähernd 

gleichen Selektordichte wie der Ansatz, bei dem alle Reaktanden einschließlich 

des Polythiols gleichzeitig im Reaktionsgemisch suspendiert wurden. Diese 

Forschungsarbeit hat gezeigt, dass die Thiol-En-Photoclick-Immobilisierung von 

Vinylliganden eine alternative Strategie zur üblichen thermisch initiierten Reaktion 

darstellt.

Die dritte Forschungsarbeit konzentrierte sich auf die Synthese von polythiol-

modifiziertem Silikagel, welches eine äußerst stabile und leicht modifizierbare

Polymerfilms zum Trägermaterial, wodurch das Säulenbluten im Vergleich zu 

den entsprechenden Bürstenphasen sehr stark vermindert wird. Die 

Thiolgruppen solcher Polythiolphasen, die beispielsweise über einfache 

Thiol-Ene-Klick-Reaktionen modifiziert werden können, ermöglichen 

unkompliziert die Anbindung speziell entwickelter 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

HILIC: Hyrophile Interaktionschromatographie, MMC: Mixed-Mode-Chromatographie, SP: Stationäre 
Phase 
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Plattform für die Herstellung stationärer Phasen darstellt. Die hohe 

hydrolytische Stabilität solcher polymerbeschichteten Phasen beruht 

hauptsächlich auf der hohen Anzahl an kovalenten Verbindungen des 

Polymerfilms zum Trägermaterial, wodurch das Säulenbluten im Vergleich zu 

den entsprechenden Bürstenphasen sehr stark vermindert wird. Die 

Thiolgruppen solcher Polythiolphasen, die beispielsweise über 

einfache Thiol-Ene-Klick-Reaktionen modifiziert werden können, 

ermöglichen unkompliziert die Anbindung speziell entwickelter 

chromatographischer Liganden und somit die Herstellung stationärer Phasen 

mit neuen Selektivitäten. Vor diesem Hintergrund wurde in dieser Studie die 

reproduzierbare Synthese von polythiol-modifizierten Silikagelen mit 

kontrollierter Anzahl and Thiolgruppen entwickelt und 

diesbezüglich lichtinduzierte und thermisch induzierte Synthesestrategien 

verglichen. Hierzu wurden die Reaktionsbedingungen für beide Ansätze 

mittels einer Design-of-Experiments-Strategie optimiert. Zu diesem Zweck 

wurde die Dicke der aufgebrachten Polythiolschicht durch Bestimmung 

des Schwefelgehalts mittels Elementaranalyse abgeschätzt. Die Anzahl der 

verbliebenen, nicht abreagierten Thiolgruppen, die somit für weitere 

Reaktionen zur Verfügung stehen, wurde mithilfe einer speziell für 

diesen Zweck entwickelten Thiol-Disulfid-Austauschreaktion ermittelt. Durch die 

Kombination der Ergebnisse dieser beiden Bestimmungsmethoden konnte auch 

die Anzahl der Verbindungen des Polymerfilms zum Trägermaterial berechnet 

werden. Diese Vernetzung zur Silikaoberfläche bestimmt maßgeblich die 

hydrolytische Stabilität der Oberflächenbeschichtung. Es zeigte sich, dass die 

lichtinduzierte Reaktion eine deutlich höhere Kinetik aufwies als die thermisch 

induzierte und daher kürzere Reaktionszeiten erforderte. Die geringere benötigte 

Reaktionszeit ging jedoch mit einer schlechteren Kontrolle der Reaktion einher. 

Somit wurde die thermische Reaktion letztendlich zur Herstellung des optimierten 

polythiol-modifizierten Silikagels verwendet. Schließlich wurde das optimierte 

polymerbeschichtete Thiolsilikagel modifiziert und die resultierenden Phasen in 

der Silberionenchromatographie und chirale Chromatographie eingesetzt, 

wodurch die Vielseitigkeit und Nützlichkeit des hergestellten Materials als stabile 

Plattform für die Herstellung stationärer Phasen mit unterschiedlichen 

Selektivitäten eindrücklich demonstriert wurde. 

des Silatrans zu einer deutlichen Erhöhung des Anteils dreifach gebundener 

Liganden sowie zu einer deutlich erhöhten Ligandenbeladungsdichte, die nahe 

am theoretischen Maximum lag, führte. Darüber hinaus implizierte die 

Bestimmung der C-Terme mittels Van-

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 
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In der vierten Forschungsarbeit wurde ein neuartiger Ansatz zur 

Thiolfunktionalisierung von Silikagelen unter Verwendung von (3-

Mercaptopropyl)silatran zur Silanisierung etabliert und mit der klassischen 

Silanisierungsreaktion durch das entsprechende Alkoxysilan verglichen. Es zeigte 

sich, dass die Funktionalisierung unter Verwendung des Silatrans zu einer 

deutlichen Erhöhung des Anteils dreifach gebundener Liganden sowie zu einer 

deutlich erhöhten Ligandenbeladungsdichte, die nahe am theoretischen Maximum 

lag, führte. Darüber hinaus implizierte die Bestimmung der C-Terme mittels Van-

Deemter-Analyse eine verringerte Dicke des Ligandenfilms auf der Silica-

Oberfläche für die stationäre Phase auf Silatranbasis. Dies kann durch die 

käfigartige Struktur und die transannulare N→Si-Bindung erklärt werden, die zu 

einer hohen Hydrolysestabilität des Silatrans führt und somit die Oligomerbildung 

in der Reaktionslösung während der Silanisierungsreaktion verhindert. Im 

Gegensatz dazu kann diese Oligomerisierung bei dem entsprechenden 

Alkoxysilan bereits in Gegenwart geringer Spuren von Wasser in der 

Reaktionslösung auftreten. Dadurch können Oligomere statt Monomere auf der 

Silikaoberfläche immobilisiert werden, wodurch es zur Bildung dicker 

Ligandenfilme und letztendlich schlechten Massentransfereigenschaften kommen 

kann. Für Anwendungen, bei denen schnelle Trennungen und daher meist hohe 

Flussraten erforderlich sind, ist diese Verbesserung der Massen-

transfereigenschaften durch die Funktionalisierung mittels Silatranen von 

besonderem Interesse. 

Die fünfte Forschungsarbeit widmete sich der Hydrolysestabilität von 

Aminophasen, welche in vielen analytischen Bereichen und unterschiedlichen 

Chromatographiearten verwendet werden. Diese sind jedoch aufgrund der 

katalytischen Wirkung der Aminogruppe in der Regel hydrolytisch instabil. Dies 

führt zu einer meist kurzen Haltbarkeit der Säulen und einer geringen Robustheit 

der durchgeführten Analysen. Außerdem kann die Abspaltung der Liganden von 

der Partikeloberfläche ein ausgeprägtes Hintergrundrauschen bei der 

massenspektrometrischen Detektion hervorrufen. Um die hydrolytische Stabilität 

solcher Phasen zu erhöhen, wurde in dieser Studie ein Versuch unternommen, 

die Aminogruppen von aminopropyl-modifiziertem Silikagel mit Triglycidyl-

isocyanurat zu vernetzen, wodurch ein ausgedehntes Cycloamido-Amino-
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Netzwerk auf der Silica-Oberfläche entstand. Des Weiteren wurde die initiale 

Aminofunktionalisierung durch Silanisierung mit einem Silatran durchgeführt, 

wodurch ein großer Anteil der Aminoliganden mittels drei Bindungen an der 

Silikaoberfläche verankert wurde. Anschließend wurde die erhaltene 

quervernetzte Aminophase hinsichtlich ihrer Hydrolysestabilität und 

chromatographischen Eigenschaften mit einer Vielzahl selbst hergestellter Amino-

Phasen mit unterschiedlicher Oberflächenchemie und mit zwei kommerziellen 

Amino-Säulen verglichen. Infolgedessen zeigte die neue Phase eine deutlich 

höhere Hydrolysestabilität als deren nicht quervernetzte Vorläuferphase und wies 

Stabilitätseigenschaften auf, die mit einer kommerziellen hochstabilen 

Polymerphase vergleichbar sind. Darüber hinaus blieben die klassischen 

chromatographischen Eigenschaften der Vorläuferphase nach der Vernetzung 

weitgehend erhalten. Die neuartige quervernetzte Aminophase stellt folglich eine 

hervorragende, chemisch stabile Alternative zu klassischen Aminophasen dar. 

Im Zuge der sechsten Forschungsarbeit wurde eine weitporige stationäre 

Mixed-Mode-Phase vom RP/WAX-Typ mit pH-abhängiger Umkehr der 

Oberflächenladung für die hydrophe Ladungsinduktionschromatographie (HCIC) 

von Proteinen konzipiert und synthetisiert. HCIC ist eine vielversprechende 

alternative Technik zur Aufreinigung und Analyse von Proteinen und 

anderen Biomolekülen, da milde Elutionsbedingungen angewendet und 

orthogonale Retentionsprofile erzielt werden können. Für die Synthese der 

Phase wurden Silatrane zur Silanisierung verwendet und gleichzeitig Octyl- und 

Pyridylethylliganden auf demselben Silikagel immobilisiert. Das erhaltene 

Material zeigte schließlich eine Oberflächenladungsumkehr bei etwa pH 5,5, 

wodurch eine Anwendung in HCIC möglich wurde. Typischerweise werden 

die Analyten hierbei zunächst aufgrund hydrophober Wechsel-

wirkungen an der stationären Phase adsorbiert und dann in einem zweiten 

Schritt aufgrund elektrostatischer Abstoßung von der Säule eluiert. Diese 

Abstoßung wird normalerweise durch Umkehrung der Ladung der 

stationären Phase induziert. Diese erfolgt durch eine Änderung des pH-Werts der 

mobilen Phase. Anschließend wurde eine Reihe unterschiedlicher Proteine

HCIC: Ladungsinduktionschroatographie, RP: Umkehrphasenchromatographie, WAX: Schwache 
Anionenaustauschchromatographie 
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mit unterschiedlichen Hydrophobizitäten und isoelektrischen Punkten mittels HCIC 

und Gradientenumkehrphasenchromatographie auf der neuen Mixed-Mode-Phase 

erfolgreich aufgetrennt. Hierbei wurde die Retentionsfolge der Proteine jeweils 

umgekehrt, wodurch die Orthogonalität der beiden angewendeten 

Chromatographiearten und die Anwendbarkeit der neuen stationären Phase 

in beiden Elutionsmodi demonstriert wurde. Die stationäre Octyl/Pyridyl-

Phase erwies sich somit als vielversprechendes neues Material für die 

Analyse von Biomolekülen (z. B. Proteinen) aufgrund ihrer Hydrophobizität und 

Ladung. 

Die siebte Forschungsarbeit befasste sich mit der Herstellung eines neuen 

Säulensets bestehend aus drei Triphenyl-modifizierten stationären Phasen mit 

und ohne integrierte ionische Funktionalitäten. Die drei entstanden stationären 

Phasen wiesen infolgedessen RP-, RP/SAX- und RP-ZWIX- (Mixed-Mode-) 

Eigenschaften auf. Mittels der Einführung der sperrigen Triphenyl-Liganden 

sollten freie Silanole auf der Oberfläche der Silikapartikel abgeschirmt werden 

sowie hydrophobe und andere klassische phenyl-typische Wechselwirkungen mit 

Analyten ermöglicht werden. Die zusätzliche Einführung der Sulfonat- und 

Phosphoniumgruppen, die unter chromatographischen Bedingungen permanent 

geladen sind, sollte elektrostatische Wechselwirkungen ermöglichen und in der 

Summe zu einzigartigen neuen Selektivitäten führen. Als Plattform für die 

Einführung der Triphenyl-Liganden wurde Thiolsilikagel eingesetzt. Dieses wurde 

durch ein innovatives Silanisierungskonzept unter Verwendung von befeuchtetem 

Silikagel hergestellt. Dieser Ansatz stellt eine Verbesserung gegenüber dem in 

der vierten Studie vorgestellten Ansatz dar und führte insbesondere zu einer 

besseren Verfügbarkeit der immobilisierten Thiolgruppen. Chromatographische 

Tests implizierten eine erhöhte Abschirmung freier Silanole aufgrund der 

sperrigen Triphenylreste und der dichten Polysiloxanschicht (die im Zuge der 

Silanisierung mit Silatranen entstanden ist). Die Triphenylsäulen wurden 

schließlich zur Analyse der Biomoleküle Teicoplanin und Patisiran eingesetzt, 

wobei die Orthogonalität der drei Phasen, sowie die Eignung des Konzepts für die 

Analyse von Biomolekülen demonstriert wurde.  

HCIC: Ladungsinduktionschroatographie, RP: Umkehrphasenchromatographie, SAX: Starke 
Anionenaustauschchromatographie, ZWIX: Zwitterionische Ionenaustauschchromatographie 
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V. OBJECTIVE OF THE THESIS

New analytical challenges, driven in large part by advances in pharmacy and 

medicine, have propelled advances in chromatography methods and 

instrumentation over the past several decades. In liquid chromatography in 

specific, this has led to improved hardware such as ultra-high pressure systems 

and bio-compatible hardware, automated sample pretreatment, and novel 

stationary phases with new support architectures and selectivities. However, 

current and emerging challenges require further improvements in most fields. In 

the area of stationary phases for high performance liquid chromatography, new or 

combined selectivities are of particular interest due to the increasing complexity of 

analytes such as pharmaceuticals. In addition, the chemical stability and efficiency 

of the stationary phases must be improved to meet contemporary requirements as 

well. Both efficiency and selectivity influence the chromatographic resolution and 

thus the quality of a chromatographic separation (Figure V.1). The chemical 

stability of the phase determines the compatibility of the mobile phase, influences 

the robustness of the analytical runs, and can affect the quality of the detection 

as degradation products can lead to unwanted background noise. Although a 

number of new materials have been developed and introduced, silica remains the 

most important support material for stationary phases in high performance liquid 

chromatography due to its beneficial properties. In particular, it offers high 

mechanical strength and an easily modifiable surface, as well as broad solvent 

compatibility. 

Against this backdrop, the aim of this thesis was to design, prepare and 

investigate new silica-based stationary phases with emphasis on surface 

modification to improve the efficiency and chemical stability of the phases and 

to establish and investigate new selectivities. 

Figure V.1 Parameters that were the subject of investigation in the course of this thesis for the improvement of stationary 

phases. 
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In particular the following goals, concepts and strategies were pursued 

in the  studies presented in this thesis:

 Analysis of chromatographic properties of ligands: Assessing the 

chromatographic characteristics of the zwitterionic chiral ligands of 

Chiralpak ZWIX(+) and ZWIX(-) through a fragment-based approach

 Deconvolution of influence on the stationary phase surface charge: 

Disentangling the effects of chromatographic ligands and silica support on the 

overall charge of stationary phases by employing ζ-potential and 

electrophoretic mobility measurements

 Evaluation of alternative thiol silica modification method: Exploring thiol-ene 

photo-initiated radical addition as an alternative to thermal initiation for 

stationary phase modification reactions

 Optimization of polythiol silica synthesis: Improving the synthesis of stable-

bond polythiol silica as a platform for further modification by thiol-ene click 

reactions or oxidation

 Assessment of an alternative approach to silanization: Investigation of 

silatranes as effective silanization agents for silica particles and 

examination of the surface chemistry properties of silatrane-modified silica

 Improvement of the stability of amino phases: Development of an amino 

phase with improved chemical stability via a cross-linking approach

 Exploration of innovative chromatographic selectivities for protein 

analysis: Development of a wide-pore mixed-mode stationary phase 

capable of pH-dependent charge reversal for applications in 

hydrophobic charge induction chromatography, providing complementary 

selectivity and enabling greener liquid chromatography

 Design of stationary phase surface chemistry for biomolecule analysis: 

Developing a series of phenyl-modified mixed-mode stationary phases with 

improved silica silanol shielding, opposite charge characteristics, and 

orthogonal chromatographic properties
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V.1 Principle of high-performance liquid chromatography and
instrumentation 

High-performance liquid chromatography (HPLC) is a highly refined form of 

classical column chromatography and is a key analytical method for separating, 

purifying, identifying, and quantifying components within a mixture. It is used in 

various fields such as pharmaceutical research and quality control, food 

technology, and forensic and environmental analysis, and typically provides 

analyses with high reliability and precision. [1-3] 

The principle of HPLC is based on the distribution of analytes between two 

phases, the stationary phase and the mobile phase. The stationary phase is 

typically packed into a column (or prepared in-situ within the column) and remains 

stationary. The mobile phase, a solvent, is forced to flow through the column by 

the application of pressure. The analytes are separated within the column 

according to their affinity for these two phases (or their size in size exclusion 

chromatography). The higher the affinity of an analyte for the stationary phase, 

the longer it will remain on the column and the greater the elution time will 

become. The result of a chromatographic separation is a chromatogram that 

represents the separation of the components of the mixture and provides 

parameters to describe the quality of the separation and the chromatographic 

system (see Figure IV.1). [4-6] 

HPLC systems are typically modular in design, consisting of a solvent reservoir, 

degasser, pump, sample injector, temperature-controlled column oven (including 

column), and detector. The compartments are interconnected by valves and 

capillaries (see Figure 2). [7-9] 

The solvent reservoir contains the mobile phase, which is degassed as it flows 

through the degasser upstream of the pump. Degassing removes air bubbles from 

the solvent, which, due to the compressibility of air, can cause pressure 

fluctuations in the system, reduced or prevented flow, and ghost peaks. Therefore, 

the removal of gas from the solvent is of great importance to increase the 

reproducibility of analytical runs. Typically, vacuum degassers are used in 

modern HPLC systems. [10] 
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The pump is a crucial and the most characteristic component of the HPLC system 

and provides a constant and continuous flow of mobile phase (from the solvent 

reservoir) through the column and is therefore referred to as the solvent delivery 

system. Generally, constant-flow pumps are employed. Constant pressure pumps 

are not suitable for HPLC systems because the flow rate depends on the flow 

resistance of the column. If the pressure drop changes, the flow rate would be 

Figure IV.1. Principle of separation in HPLC, resulting chromatogram and chromatographic parameters. A: In HPLC, the 

mobile phase transports the sample mixture (under high pressure) through the stationary phase (column), where the 

separation of the components takes place. B and C: After the chromatographic separation, a chromatogram is obtained that 

provides characteristic parameters. The dead time (or void time) is the time required for a solute to pass through the column 

without interacting with the stationary phase and is determined by an appropriate void volume marker. Retention time is the 

time taken for a retained analyte to elute from the column; peak width (at the base of the peak and at half its height) represents 

the width of the eluted analyte band (and therefore peak broadening/dispersion). The retention factor is a measure of the 

distribution of an analyte between the mobile phase and the stationary phase. A higher retention factor indicates a longer 

retention time and thus a greater interaction with the stationary phase. Selectivity is the ratio of the retention factors of two 

analytes and is a measure of the ability of the chromatographic system to discriminate between two analytes (but does not 

provide information on peak width and therefore peak overlap and separation quality). Efficiency measures the performance 

of the chromatographic system and can be expressed as the number of theoretical plates or as the height equivalent to one 

theoretical plate (HETP or H), which can be calculated by dividing the column length by the number of plates. Resolution is 

probably the most important chromatographic parameter because it combines efficiency, selectivity and retention time. It 

measures the degree of separation between two peaks and therefore the quality of the separation. [11, 12] 
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difficult to control, resulting in unpredictable retention times. There are two solvent 

delivery modes in which the pump can operate and drive the mobile phase(s) 

through the system, isocratic solvent delivery (isocratic elution mode) and gradient 

solvent delivery (gradient elution mode). In isocratic elution mode, the composition 

of the mobile phase is kept constant throughout the chromatographic run, whereas 

in gradient elution, the composition of the mobile phase is modified. Gradient elution 

provides an ability to increase the elution strength of the mobile phase during the 

run, thereby improving peak shapes and reducing analysis time. However, unlike 

isocratic elution, gradient elution requires specific pumps and solvent mixers or 

proportioning valves. The pumps employed can be categorized as quaternary and 

binary pumps. For quaternary pumps (called “quaternary” because they can mix 

four solvents), mixing occurs before the pump; for binary pumps (called "binary" 

because they can mix two solvents), mixing occurs after the pump. Thus, systems 

where mixing takes place before the pump are classified as low pressure gradient 

systems, and systems where mixing takes place after the pump are classified as 

high pressure gradient pumps (see Figure IV.2 and IV.3). [11, 13] 

Figure IV.2. Modular design of gradient-HPLC systems. A: Arrangement of the modules in high pressure gradient and low 

pressure gradient systems. In general, system components are arranged to keep capillary lengths after the pump (because 

of dwell volume) and especially after the injector (because of void volume and peak dispersion) as short as possible. B: 
Determination of dwell volume. Dwell volume is the volume of the system from the point of solvent mixing to the column head. 

The dwell volume results in gradient delay times and therefore needs to be determined especially in high throughput analysis 

and low-flow gradient applications. The determination is generally carried out experimentally by running a gradient (e.g. 0% 

B to 100% B) of mobile phase A (e.g. water) and mobile phase B (e.g. water + 0.1% acetone), where the mobile phases must 

differ in absorbance (e.g. by adding a UV-absorbing additive, here acetone). For measurement, the column must be removed 

and the capillaries connected via a zero dead volume connector. The arrival of the gradient mixture is indicated by the 

increase in absorbance in the chromatogram. The dwell volume can then be calculated from the delay time and flow rate.  



CHAPTER ONE: INTRODUCTION | 5 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

Figure IV.3. Schematic illustration of a quaternary (A) and a binary pump (B) employed in gradient-HPLC systems. Illustration 

is based on [13]. Both pumps exhibit a dual-piston in series design. In these pumps, the primary piston provides the flow to 

fill the secondary cylinder with a retracting secondary piston. During this process the system is in flow. Quaternary pumps 

consist of a pump and the gradient is created by a proportioning valve. Typically, quaternary pumps can mix up to four 

solvents. Therefore, the proportioning valve creates the gradient by opening a dosage valve to adjust the percentage of 

solvents. Inside the pump, the plunger creates a turbulent environment during suction, mixing the solvents together. Of note, 

some systems add mixing chambers after the pump to further homogenize the mobile phase before delivering the gradient 

mixture to the column. Binary pumps consist of two independent pumps (pump head A and B) and can mix two solvents 

together. The mixing of the mobile phase is controlled by the relative flow rate of the two pumps and the total flow rate is 

determined by the combined flow rates of the two pumps. Binary pumps are generally considered to provide more accurate 

and reproducible solvent mixtures and gradients than quaternary pumps. Proportioning valve: It generally consists of four 

solenoid valves, which are connected to the solvent bottles (via the degasser).  The solvent mixing ratio is determined by the 

timing of the opening of the solenoid valves. Solvent selection valve: It allows the selection of the attached solvents. This 

permits more than two solvents to be connected to a binary pump system. However, only two mobile phases can be selected 

to build the gradient (channel A and channel B). Pump head: The pump head contains one or two chambers to accommodate 

the piston(s). In binary pumps there are two pump heads combined. Check valve: The valve ensures that the mobile phase 

can only flow in one direction. This prevents backflow and pressure drops, such as those that occur during the piston 

replenishment cycle. Piston: A rod of inert material (e.g. sapphire). It moves back and forth in a piston chamber inside the 

pump head, delivering the solvent. Piston seal: It serves to seal the piston to the rear. Drive: It controls the reciprocating 

motion of a piston. The drive train is usually powered by a motor and includes a mechanism such as a rotary or spindle drive 

to convert rotary motion into linear motion. Seal wash solvent and pump: The seal wash is used to clean the piston and 

plays a particularly important role when salts are dissolved in the mobile phase. it prevents them from crystallizing in the 

piston chamber and damaging the piston and the piston seal. Injection valve: It is usually a rotary valve, that allows a sample 

to be introduced into the column. An injection valve can be a single manual valve or part of an autosampler. The system 

generally consists of a needle port, a rotor/stator assembly and a replaceable sample holder. 
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The injector introduces the sample into the flow path of the mobile phase, usually 

directly in front of the column (to keep the void volume to a minimum). The injection 

valve provides the link between the injector and the flow path. Classic manual 

injection valves are rarely used in modern systems. Instead, automated sampling 

systems are commonly used, typically consisting of an injection module and a 

(temperature-controlled) sampling chamber. This allows programmed, unattended 

sample introduction. In addition, injection systems are now available that enable 

mixing (and thus on-time derivatization) of multiple samples within the autosampler 

prior to injection. The injector modules of autosamplers are usually of split-loop 

design, but push-loop and pulled-loop designs are also employed (see Figure IV.4). 

Figure IV.4. The figure shows the three most common operating principles of autosampler injectors: pushed-loop (A), pulled-

loop (B), and split-loop designs (C, D). The figure is based on [14]. The pushed-loop design is likely to the manual injection. 

In contrast, the pulled-loop design does not include a needle port, which makes it more robust and reduces the contribution 

of injection to pre-column dispersion and dwell volume. However, there are some drawbacks, most notably higher sample 

consumption (as not all of the aspirated sample is typically transferred to the column) and increased carryover, which can be 

reduced by multiple wash cycles (which is time consuming and therefore negatively affects cycle time). The split-loop design 

is the most commonly used operating principle in modern autosamplers. When using a high-pressure flow-through syringe, 

this operating principle has the advantage of very high injection precision and constant purging of the instrument so that no 

air bubbles accumulate. When using a dead-end syringe, on the other hand, air can accumulate inside the syringe, which 

can negatively affect injection volume accuracy. However, this design has the advantage of a reduced dwell volume. 
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In general, a maximum injection volume of 10% of the effective column volume is 

considered appropriate to keep band broadening caused by the injection plug to an 

acceptable level. [14] 

The column used in HPLC is the key component of the system, since it contains the 

stationary phase and is therefore where the separation of the mixture takes place. 

It is typically housed in a column oven compartment with adjustable temperature 

control. The stationary phase must be chosen with respect to the analytical problem 

and can be considered one of the most decisive factors in method development. 

Fortunately, there is now a wide variety of chromatography columns (commercially) 

available, which are based on different architectures and offer various selectivities 

(discussed in more detail in chapters IV.2 and IV.4). The development of ultra-high 

performance liquid chromatography (UHPLC) systems (with up to more than 

1200 bar applicable pressure range) has also made it possible to use smaller 

particles in stationary phases, leading to a significant improvement in 

chromatographic performance. Previously, the backpressure associated 

with smaller particles could not be withstood by conventional HPLC 

systems (maximum of approximately 400 bar). [15-17]  In addition, recent 

improvements in the manufacture of high-precision valves have also enabled 

the increasing use of multidimensional setups, in which two or more columns can 

be connected in series and their orthogonal selectivities combined directly in a 

single setup (see Fig. IV.5). [18] 

Figure IV.5. Simplified illustration of a (multidimensional) 2-dimenional (2D)-HPLC setup combining two orthogonal columns 

in the first and second dimension for sufficient separation of an analytical mixture. In the first dimension, the three components 

were not successfully separated as components 2 and 3 (blue and red traces) were not resolved. However, both were 

separated from component 1 (green trace). After transferring the co-eluted components 2 and 3 to the second dimension, 

the components were sufficiently discriminated by the column in the second dimension. This combination of different 

separation mechanisms using two orthogonal stationary phases in series is being used more and more frequently, especially 

in research and development departments, due to the increasing complexity of biomolecules of interest to the pharmaceutical 

industry (e.g. therapeutic monoclonal antibodies). [19-22] 
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At the end, a detector has always to be attached to the system, since HPLC by itself 

is only a separation method (see Table IV.1). The most common detection 

method hyphenated with HPLC is ultraviolet/visible light (UV/VIS) absorption 

detection (UVD) (see Fig. IV.6). However, fluorescence detection (FLD), mass 

spectrometry (MS) detection (which can be performed using a variety of mass 

analyzers such as quadrupole-, time-of-flight-, ion trap- or orbitrap-MS), 

refractive index detection (RID), charged aerosol detection (CAD), 

evaporative light scattering detection (ELSD) and electrochemical detection 

(ECD) are also commonly used. All of these detection methods are based on 

different principles and can therefore be used for different analytical challenges. 

In particular, the detectability of the analytes, the analyte concentration and the 

accuracy and sensitivity of the (quantifying) detector are the most important 

considerations when selecting a detection method, but other considerations such 

as the need for (complex) sample preparation (e.g. adding of a fluorescent tag) 

and system cost may also influence the choice of detection method. [23, 24] 

Moreover, the combination of several detection methods can be a viable 

approach to obtain a more comprehensive picture of the components of a 

mixture, especially in the context of structure elucidation and characterization 

of complex biological samples or quality control of therapeutics (see Figure IV.7). 

[25] 

Table IV.1. Detectors hyphenated to HPLC. [26] 
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Figure IV.6. There are two types of UV/VIS absorption detectors usually hyphenated to HPLC systems, the variable 

wavelength detector (VWD) and the diode array detector (DAD). The schematic arrangement of a VWD is shown in A, that 

of a DAD in B. Both use a deuterium lamp (190-600 nm) as the radiation source. In a VWD the polychromatic light spectrum 

is directed into a monochromator. The monochromator consists of an entrance slit, a diffraction grating (or prism), and an exit 

slit. The motor-driven grating scatters the light spectrum and can be turned to select a particular wavelength through the exit 

slit to the flow cell. The transmitted light from the flow cell then strikes a single photodiode, which converts the light energy 

into electrical signals. Compared to VWD, DAD offers much more flexibility and capability (but is more expensive). DAD 

provides UV spectra of eluting peaks while operating as a multi-wavelength UV/VIS detector. In a DAD detector, the full 

spectrum of the deuterium lamp passes through the flow cell. The transmitted light is dispersed by a fixed grating onto a 
diode array element that monitors the intensity of the light at each wavelength. Most DADs use a charge-coupled diode array 

of 512 to 1024 diodes (or pixels) with a spectral resolution of about 1 nm. Today, the DAD is the preferred UV/VIS detector 

in most applications. [27] 

Figure IV.7. Experimental setup combining the two different detection methods, UV/VIS absorbance detection (UVD) and 

mass spectrometry (MS). After chromatographic separation (in this example on a C18 column), the analytes need to be 

detected. Since a single detection method may not detect all components or provide sufficient information about (unknown) 

analytes, it may be advantageous to combine several orthogonal detection methods. This provides a more complete picture 

of the components in the mixture. With UVD, analytes with a chromophore can be detected regardless of their ionizability, 

whereas MS detection is only possible for analytes that are ionizable. However, in contrast to UV/VIS detection, a 

chromophore is not required. UVD can simultaneously record the UV/VIS spectra of the molecules, while MS provides 

valuable information about the mass-to-charge ratio of the analytes. Therefore, the combination of these two orthogonal 

detection methods is a valuable and common combination, allowing analytes with a chromophore and ionizable analytes 

without a chromophore to be detected and mass and UV/VIS spectra to be obtained in a single run. An impressive example 

of this combination can be found in reference [25].
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V.2 Stationary phase architectures and column packing

In HPLC, the stationary phase is where the separation of the components of the 

mixture takes place and is therefore the most critical feature of the system. For this 

reason, stationary phases have been the subject of intensive research and 

development over the last few decades. As a result, a large number of different 

stationary phases are available today, which differ in terms of support chemistry 

and architecture, as well as surface (modification) chemistry (surface chemistry will 

be discussed in more detail in chapter IV.4). All of these properties affect the 

efficiency, selectivity, and chemical and mechanical stability of the stationary 

phases. The choice of architecture and support chemistry (as well as surface 

chemistry) depends on the analytical problem to be solved and the equipment 

available. The different types have different advantages and disadvantages, and 

require different technical equipment. The ideal support consists of a high surface 

area onto which a broad variety of chemical entities can be easily irreversibly and 

unalterably attached to provide useful selectivity for a range of separation 

challenges. In addition, physical and chemical stability over a wide range of 

pressures, pH, temperatures, and solvents is desirable. Availability of a variety of 

particle sizes with narrow particle size distribution, pore sizes, and volumes is also 

required. Another point to consider in this context is column packing, as most 

stationary phases are packed into a column (but note that monolithic phases are 

usually be prepared in-situ within the column). This makes the process a critical 

step, as the homogeneity and the density of particle-packed beds have a major 

impact on chromatographic performance. [28-33] 

Silica-based and organic polymer-based materials are the most commonly used 

stationary phase supports. Other inorganic materials such as zirconium oxide, 

titanium oxide, alumina and porous graphitized carbon are also used, as well as 

silica hybrid materials. The non-silica inorganic materials are therefore of minor 

importance, are not widely used and are rarely commercially available. [31, 34, 35] 

Hybrid silica materials with coated metal oxides (such as zirconia or titania) or 

graphitic carbon have also been developed, but have received little attention and 

interest in research and commercial supply. [36-42] On the other hand, silica-

organic hybrid materials, such as bridged ethylene hybrid (BEH) silica have become 
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very important and are increasingly used as starting material for commercial 

stationary phases. [15, 43-46] 

There are generally two basic stationary phase architecture concepts used within 

HPLC columns, spherical particles and monoliths. These can also be further 

subdivided, mainly according to differing porosity characteristics. For particles, fully 

porous particles (FPP), superficially porous particles (SPP, or core-shell particles) 

and non-porous particles (NPP) can be distinguished. For monoliths, architectures 

can be divided into non-porous and porous skeletons with a usually bimodal pore 

size distribution (see Fig. IV.8). [28, 40, 47-49] 

Silica particles for HPLC stationary phases are commonly prepared by sol-gel 

methods, such as the procedure described by Stöber et al. (using 

tetraethylorthosilicate (TEOS) as monomer, alcohol as solvent, water as reactant 

and ammonia as catalyst) or by aggregation of silica sols in air (to reduce metal 

contamination and produce high-purity silica). [50, 51] These techniques can 

produce silica particles with adjustable particle diameter, pore size, and pore 

volume with high precision and reproducibility, making customizable particles easily 

achievable. In addition, standard silica is available from a variety of suppliers in a 

Figure IV.8. Overview of stationary phase architectures. There are two basic concepts used in HPLC stationary phases, 

particles and monoliths, which can be further divided into subcategories. Spherical particles are typically packed into columns 

to form a dense chromatographic bed. The porosity characteristics mainly influence the available surface area (and therefore 

the interaction area and loading capacity of the phase) and the mass transfer resistance, which is governed by diffusion. The 

mass transfer resistance decreases in the order FPP > SPP > NPP. Monoliths are prepared in-situ within the column (typically 

by a polymerization process using monomers, cross-linkers and porogenic solvents). Mass transfer resistance is generally 

even more reduced for monolithic stationary phases than for particle packed beds, as the mass transfer process is dominated 

by convection due to the large macropores. Monolithic columns based on silica and organic polymers are commercially 

available. However, the interest in monolithic columns is declining after they gained fame and interest more than twenty years 

ago due to the promising expectations of high efficiency/backpressure ratio and suitability for the analysis of especially large 

biomolecules (due to better mass transfer properties for large molecules). [28, 47-49, 52, 53]. Impressive scanning electron 

microscopy (SEM) images of the distinct morphologies can be found in references [54], [55], [56], [57], and [58].
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wide range of qualities, sizes, and other characteristics (see Table IV.2). There are 

three categories of silica available today, type A (or I), type B (or II), and type C (or 

III) silica. Type A silica is no longer used for analytical purposes (but for preparative

ones) because of its high metal impurity content, which activates surface silanols,

leading to increased acidity and chelation with complexing analytes. This can lead

to excessive retention, peak broadening and asymmetric peaks. Type B silica, on

the other hand, is of higher quality than type A silica and contains significantly less

metal impurities. Therefore, phases derived from type B silica as starting material

typically offer higher efficiencies and better peak shapes. Both type A and type B

silica contain a large number of acidic surface silanols, which are assumed to be

responsible for one of the major drawbacks of silica supports, the additional

secondary interactions of analytes with (unmodified) silanols (which, however, in

some cases can also be considered as favorable). Consequently, the silanols have

a significant effect on the chromatographic process. In particular, silanols can cause

adverse adsorption-desorption kinetics of basic components, resulting in broad

peaks and low column efficiencies for these analytes, or even complete adsorption

of, for instance, large biomolecules, making bioanalysis on silica-based columns

extremely challenging. [51, 59-61] The accountable surface silanols on type A and

type B silica can be classified into three types, single silanols, vicinal silanols, and

geminal silanols, which differ mainly in their acidity due to the formation of hydrogen

bonds (see Figure IV.9A). At elevated pH, these silanols become progressively

deprotonated, leading to increased secondary interactions of the analytes with the

Table IV.2. Quality control results of silica obtained from various suppliers according to the supplier certificates of analysis.
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silanols due to electrostatic interactions (which can be adsorptive or repulsive in 

nature). [62-64] Type C silica, on the other hand, does not carry a significant number 

of silanols on the surface. The silanols were converted to less polar hydrides (see 

Figure IV.9B). Thus, basic pharmaceuticals can be analyzed with good peak shape 

on silica-hydride stationary phases as a consequence. However, type C hydride-

silica requires different surface modification strategies than type A and B silica (see 

chapter IV.3) and is not yet a standard material for columns in stationary phase 

development or commercial use (but may be in the future), mainly due to the lack 

of small particle sizes and missing core-shell variants on the market. [65-69] 

Besides the secondary silanol interactions, another disadvantage of silica supports 

is the narrow pH range in which such phases can be used (pH 2-8). At pH values 

below 2, the siloxane bonds to the immobilized ligands are cleaved (also called 

column bleeding), while at pH values above 8, the support itself dissolves rapidly. 

These effects accelerate dramatically with rising temperature and increasing water 

content in the mobile phase. [70-73] 

In order to overcome the pH instability of silica (especially at high temperatures and 

high water content) and to eliminate the adverse silanol interactions, attempts have 

been made to use other metal oxides such as zirconium oxide or titanium oxide. 

These materials typically provide high chemical stability and mechanical strength 

(as does silica). Zirconia is one of the materials that has received the most effort. 

However, zirconium has acidic and basic, oxidizing and reducing properties on its 

Figure IV.9. A: Types of silanols present on type A and B silica. Due to the different types of silanols present, the pka values 

for the silica surface range from approximately 3.5 to 7.0. Hydrogen bonding stabilizes the silanol and reduces silanol acidity. 

[62, 63, 74] B: Comparison of surface chemistry of type A, B and C silica. In type C silica, approximately 95% of the silanols 

have been replaced by hydrides. [65, 67]
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surface, which greatly complicates its use in chromatographic applications. 

Furthermore, the lack of experience in the synthesis (and the availability) of particles 

with adjustable particle size, pore volume, as well as in surface modification (in 

contrast to the vast experience in silica modification), has ultimately led to 

the relative irrelevance of such non-silica inorganic supports in today's 

stationary phase landscape. [31, 34, 35, 65, 70, 75, 76] 

Porous graphitic carbon (PGC) particles have also been proposed as an alternative 

material with advantageous properties, especially due to high pH stability (pH 1-14) 

and temperature stability (higher than 200°C). PGC behaves relatively like alkyl 

silica for non-polar analytes, but offers completely different behaviour for polar 

compounds. However, such columns are highly susceptible to contamination, 

resulting in high variability, loss of capacity and poor peak shapes. Few PGC 

columns are commercially available today. However, there have been some recent 

advances in the manufacture of PGCs in terms of resistance to contamination and 

particle size distribution that may lead to increased use of these materials. [41, 42, 

77, 78] 

Another approach to overcome the pH stability issues and secondary silanol 

interactions of silica supports has been the implementation of polymer-based 

particles. Thus, organic polymer beads were developed and investigated, and as a 

result, (modified) polyacrylate, polymethacrylate, polystyrene and 

polydivinylbenzene beads and other polymer spheres, were prepared and used for 

HPLC applications. Such particles have mainly been synthesized by thermally or 

photo-initiated polymerization reactions, including suspension, emulsion, 

dispersion, precipitation and multi-stage seed swelling polymerization. The 

prepared phases offer high pH stability and can be operated over the entire pH 

range in many cases (making them indispensible in ion exchange chromatography). 

In addition, organic polymers lack unwanted secondary interactions (such as silanol 

interactions in silica phases) and can provide inert surfaces (making them useful for 

size exclusion chromatography and highly biocompatible). However, there are 

some drawbacks to polymeric phases, particularly in terms of mechanical stability 

(especially for highly porous beads) and solvent compatibility. Polymeric phases 

can suffer from swelling when certain solvents are used as mobile phases, which 

can affect particle and pore size and therefore the separation efficiency of the 
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chromatographic material. However, swelling problems have been greatly reduced 

in the materials that are commercially available today and organic polymer beads 

have found wide application in many fields of research and routine analysis. [79-86] 

In recognition of this, silica-organic hybrid materials have been developed to 

combine the benefits of silica particles with those of organic polymer beads. The 

most common hybrid material is ethylene-bridged hybrid (BEH) silica, on the basis 

of which stationary phases are now commercially available (see Figure IV.10). 

Hybrid-silica materials can be operated in a pH range between 1 and 12 without 

degradation of the support and therefore represent a tremendous improvement 

without changing the beneficial properties of silica such as physical stability and 

easily modifiable surface (since the surface chemistry does not change as the 

surface silanols are maintained). Furthermore, the incorporation of the ethylene 

bridges allows fine tuning of the surface silanol content, thereby adjusting undesired 

silanol activity. [87-89] 

In addition to these chemical and physical properties of the support materials (which 

particularly affect pH and pressure stability), the architecture of the materials is also 

a key factor for stationary phases and plays a decisive role in their chromatographic 

performance. The categories of phase morphology can be divided into particles and 

monoliths. Monoliths received a lot of attention more than twenty years ago and 

were considered a promising concept for future HPLC columns because they 

offered good efficiency-to-backpressure ratios and were particularly interesting for 

high throughput analysis and biomolecule analysis due to favorable mass transfer 

properties. In spite of these promising properties, they have not been widely 

Figure IV.10. The ethylene-bridged hybrid silica particles are made from two monomers, tetraethoxysilane (TEOS) 

and bis(triethoxysilyl)ethane (BTEE), resulting in highly pH-resistant and high mechanical strength particles. [87-89] 
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adopted in routine applications, and there appears to be only a small amount of 

interest and development left in this area. On the other hand, there are some 

highlight developments in particle architecture that have occurred in the last 

decades, making research on particle-based stationary phases of paramount 

interest. The two milestones of the last decades have been the introduction of sub-

2µm particles and core-shell technology. Both have led to tremendous 

improvements in column efficiency. In addition, there are still classic parameters 

that can be adjusted to tune the chromatographic properties of particle-based 

stationary phases. [28, 47-49, 52-54, 90] 

Parameters that can be adjusted for particle-based stationary phases include 

particle size (and size distribution), pore size (and total porosity), and surface area. 

These parameters can be used to influence chromatographic efficiency and 

retention. Particle size (and size distribution) and total porosity (to account for core-

shell technology) affect the efficiency of the chromatographic material, while pore 

size and surface area affect the retention of analytes within the column. The particle 

surface is the site of interaction of the analyte with the stationary phase and 

therefore the site of retention (or, in rare cases, repulsion). The surface area is 

directly related to pore size and pore volume (noteworthy, within the column, particle 

size also impacts the total surface area due to the corresponding density of the 

packing). Thus, small pore sizes are often preferred to obtain high surface areas 

and thus higher resolution and loading capacity. Nevertheless, the pore diameter 

should be at least four times larger than the hydrodynamic diameter of the analytes 

to ensure adequate pore penetration and therefore sufficient interaction with the 

stationary phase surface. Therefore, the pore size needs to be chosen appropriately 

for the size of the analytes to be targeted. For example, particles with pore sizes of 

60-120 Å are generally used for small molecules, 100-300 Å for medium-sized

analytes such as oligonucleotides, and 300-1000 Å for large biomolecules such as

proteins. In addition, it should be noted that an increase in porosity is always

associated with a decrease in mechanical strength and therefore a decline in the

pressure limits of the stationary phases. [48, 91-93]

Particle size reduction has always been a straightforward approach to improving 

the performance of particle packed columns, since chromatographic efficiency is 

inversely proportional to particle size according to the van Deemter equation (see 



CHAPTER ONE: INTRODUCTION | 17 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

Equation IV.1). Particle sizes of 10 µm and above have been progressively reduced 

over the years, resulting in the sub-2µm particles available today for high resolution 

chromatography. Sub-2µm particles provide approximately four times less plate 

height than conventional 5 µm particles. [49, 94, 95] 

Equation IV.1. Van Deemter equation. The van Deemter equation describes the dependence of the chromatographic 

efficiency (plate height H) on the linear velocity u. λ: packing constant, dp: particle diameter, γ: obstruction factor for diffusion 

in a packed bed, Dm: diffusion coefficient of the analyte in the mobile phase, f(k): a function of the retention factor k.  [95] 

More information about the van Deemter theory and the A-, B- and C-term can be found in Figure IV.12. It should be noted 

that in addition to the van Deemter equation, there are other important models that deal with chromatographic dispersion, 

such as the Giddings model, the Horvath-Lin model, the Knox model, and the kinetic plot model. [96-100] 

On the other hand, the permeability of sub-2µm particles is about 10-30 times 

lower than that of 5 µm particles. Moreover, according to Equation IV.2, the 

pressure drop is inversely proportional to the square of the particle diameter. 

[95] Therefore, higher back pressures must be overcome when using sub-2µm

particles. As a consequence, the introduction of ultra-high pressure systems,

which enable operating pressures of more than 1200 bar, made the use of sub-2

µm particles possible for the first time and paved the way for the

widespread use of these particles. Previously, conventional instruments could

only handle 400 bar and could not withstand the high pressures generated by

sub-2µm particle columns. [49, 94, 95]

Equation IV.2. The equation describes the dependence between pressure drop ΔP and linear velocity u. dp: particle 

diameter, Φ: flow resistance factor, η: viscosity of solvent (mobile phase), L: length of packed bed (stationary phase). [95]

Another challenge to overcome when working with sub-2µm particles is 

frictional (or viscous) heating, which leads to non-uniform temperature gradients 

within the 

column (see Figure IV.11). The longer the column, the more the radial temperature 

gradient can develop and occur along a significant part of the column length. 

Therefore, peak dispersion (and loss of efficiency) by frictional heating increases 

consequently with column length. In shorter columns, the radial temperature 



18 | CHAPTER ONE: INTRODUCTION 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

gradients are only partially developed and therefore less peak broadening occurs. 

Thus, the detrimental effects of frictional heating can be reduced by downsizing 

sub-2µm particle columns. However, downsizing is limited by the contribution of the 

extra column volume of the chromatographic instrument and the associated peak 

broadening effects. A further option to overcome these drawbacks is to carry out 

the separations at high temperatures, as the backpressure of the column (and 

therefore the fractional heating) could be reduced due to the lower viscosity of the 

mobile phase. The drawback of this strategy is the need for an eluent preheater 

(and the necessary temperature stability of the column and the analytes), which 

adds void volume and reduces the efficiency of weakly retained analytes under 

isocratic conditions (since they are not refocused at the column head). [49, 94, 95, 

101-104]

Superficially porous particles (or core-shell or pellicular particles) can be considered 

even more advantageous and show better chromatographic performance than fully 

porous particles of the same size. More specifically, fully porous particles need to 

Figure IV.11. Schematic illustration of frictional heating effects to the column temperature profiles based on [104]. 

Frictional heat is generated by the resistance encountered by the mobile phase as it moves through the column. 

When smaller particles are used, frictional heating can increase significantly because smaller particles create a higher 

column backpressure. Quasi-isothermal column wall conditions (which can be created using a forced air stream 

inside the column oven with a high speed fan) result in axial and radial temperature gradients. Quasi-adiabatic column 

wall conditions, on the other hand, result in only an axial temperature gradient. Frictional heating can significantly affect 

chromatographic performance, in particular causing band broadening (due to the temperature-dependent increase in the 

diffusion coefficients of the analytes and the formed temperature gradient within the column), changes in mobile phase 

viscosity and therefore flow rates, and changes in retention times (due to the temperature-dependent change in the partition 

coefficient of the analyte between the mobile and stationary phases). [102-104]
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be approximately one third smaller in diameter than core-shell particles to achieve 

comparable plate numbers. Thus, 3 µm core-shell particles can provide the same 

plate numbers as 2 µm fully porous particles. Moreover, core-shell particles have 

higher permeability (and therefore lower back pressures) and significantly lower 

frictional heating, which also contribute to their outstanding chromatographic 

properties. The core-shell design of such particles consists of a solid inner core 

surrounded by a porous outer layer. The drawback of this design is a reduction in 

surface area due to the non-porous core and therefore a reduction in loading 

capacity. On the other hand, the design has the advantage of shorter diffusion paths 

compared to fully porous particles of similar diameter. The shorter diffusion paths 

reduce the effect of mass transfer resistance on peak broadening (see C-term of 

the van Deemter equation; Fig. IV.12) and therefore improve efficiency. In addition, 

core-shell particles typically have an exceptionally narrow particle size distribution 

and a certain surface roughness, both leading to a better homogeneity and quality 

of packed column beds compared to fully porous particles. The better packing 

quality ultimately leads to a reduced contribution of eddy diffusion to peak 

broadening (see A term of the van Deemter equation; Fig. IV.12) and therefore to 

Figure IV.12. The van Deemter equation describes peak broadening within the chromatographic process (see also 

Equation 1). Accordingly, three terms contribute to peak broadening, the A-term [cm], the B-term [cm2/s] and the C-

term [s]. [105] The A-term describes the peak broadening due to different paths of the analytes through the column. 

It is strongly related to the homogeneity of the packed bed (and is therefore considered the packing term) and to the 

particle size and size distribution. The B-term describes the contribution of the longitudinal dispersion and depends 

on the diffusion coefficient of the analyte in the mobile phase, the viscosity of the mobile phase and the column 

temperature. The higher the flow rate, the smaller the contribution of the B term to the peak dispersion. The C-term 

describes the contribution of mass transfer resistance to peak broadening. Mass transfer is the interaction of the 

analytes with the surface of the stationary phase and the movement of the analytes into and out of the pores. Since 

there is usually no mobile phase flow in the pores of the stationary phase, mass transfer depends on the diffusion 

coefficient of the analytes and the viscosity of the mobile phase. Furthermore, the C-term increases especially with 

increasing diffusion path length and is therefore lower for small particles and core-shell particles. [106-108]
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high chromatographic efficiency of core-shell particles. The outstanding properties 

of core-shell particles have led to considerable interest in research, industry and 

commerce, with many suppliers now offering core-shell particles in a wide range of 

sizes (mostly 1.3 µm to 3 µm) and silica qualities. [28, 58, 95, 109-115] 

In order to use particles as stationary phases in high performance liquid 

chromatography instruments, the particles need to be packed into columns, mainly 

made of stainless steel (or in some cases polyether ether ketone (PEEK)). The 

particles are usually packed as a slurry (but dry packing is also possible) into the 

empty columns by applying pressure. To retain the particles, the columns are 

usually sealed with metal and glass frits. Stainless steel columns and frits have high 

mechanical strength and durability, which is essential for use in (ultra)high pressure 

instruments. [48, 116] However, they tend to interact with analytes via non-specific 

adsorptive interactions caused by charged metal surfaces or leached metal ions, 

which is particularly detrimental in the analysis of large biomolecules and can lead 

to low recovery rates and peak dispersion. This phenomenon has been studied 

extensively and the need for bio-compatible columns and filters has been clearly 

formulated. [74, 117-119] In addition to existing bio-compatible HPLC systems, 

some suppliers now offer bio-compatible columns (e.g. MaxPeak Premier columns 

from Waters Corporation). However, this is far from being standard column 

hardware. In-house passivation strategies (e.g. with nitric acid), which have been 

used in the past to make HPLC systems and empty column hardware more suitable 

for the analysis of biomolecules, are rarely used today and have been heavily 

debated in the past because they often lead to instrument damage. Sample 

passivation is probably the most commonly used method today. This involves 

multiple injections of the sample to saturate the metal surfaces with the analyte. A 

constant area under the curve is obtained at the end of the sample passivation 

process. Table IV.3 summarizes passivation techniques.  [120, 121] 

The slurry packing method is the most commonly used method for producing 

particle-packed HPLC columns. In this method, particles are dispersed in a slurry 

solvent and then packed into a column by applying high pressure by pumping a 

pushing solvent through the column (high pressure filtration). The packing pressure 

should be considerably higher (at least 50%) than the later operating pressure to 

avoid compression of the analytical bed during operation (and thus the formation of 
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void volumes and channels).  [48, 122, 123] During the filtration process, the bed is 

formed when the particles come into contact with each other and become densely 

associated. Once this is done, particle movement is extremely limited. The structure 

and quality of the resulting bed depends on the shear forces between the particles, 

the friction between the particles and the column wall, and the axial and radial stress 

distributions during the packing process. The stress distribution is strongly related 

to the viscosity of the suspension. As (concentrated) particle suspensions are non-

Newtonian fluids, the viscosity changes as a function of shear rate (shear thickening 

or thinning effect) and is therefore dependent on the pressure and flow rate applied 

in addition to the particle concentration. [29] Packing inhomogeneities can 

particularly affect the A-term of the van Deemter equation and therefore lead to poor 

column efficiencies. In general, the use of spherical and small particles, particles 

with narrow particle size distributions and core-shell particles results in beds with 

favorable packing properties and low A-terms.  [48, 114, 122] 

The design of column packing equipment is rarely described in the literature and 

there is little information available from commercial column manufacturers on the 

column packing process. However, the design should at least result in a sufficient 

introduction of the suspension from the slurry reservoir into the empty column. 

Therefore, the slurry reservoir outlet should have the same outlet diameter as the 

internal diameter of the column. In addition, the slurry reservoir should be sized to 

allow appropriate slurry concentrations, which have been reported to be around 7- 

15 %, but in fact need to be determined in packing studies to find the ideal 

Table IV.3. Passivation strategies applied for HPLC equipment according to [121].
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concentrations for each case. [30, 122] 

The choice of the appropriate slurry solvent (and to some extent the pushing 

solvent) has a major impact on the quality of the packing. In particular, the slurry 

solvent must be capable of forming a stable colloidal suspension of the particles 

and preventing them from agglomerating. The slurry solvent must be able to wet 

the particles sufficiently to prevent floatation (surface energy matching) and the 

viscosity should be such that rapid sedimentation is prevented but high column 

packing velocities are still possible due to acceptable backpressure (see Equation 

IV.3). [30, 122] Column packing with particles smaller than 3 µm requires special

care in the choice of slurry solvent, because the adhesion forces between the

particles are much higher than for 5 µm particles. Therefore, for particles smaller

than 3 µm, highly stable suspensions must be prepared prior to slurry packing. [48]

Equation IV.3. Stoke equation. The equation describes the sedimentation rate v of spherical particles in a liquid medium. 

The sedimentation rate decreases with increasing viscosity of the liquid phase η, decreasing particle radius r and decreasing 

density differences between the two phases. ρK: density of the particle, ρD: density of the liquid, g: gravitational acceleration. 

An examination of the influence of gas in the pores of the silica particles on the settling properties can be found in reference 

[124].

Another approach is to adjust the pH of the slurry solvent to create charged surfaces 

on the dispersed particles to induce repulsion and thus prevent agglomeration (see 

Table IV.4). [125] Microscopic studies and sedimentation tests can be carried out 

to assess the suitability of the solvent system prior to column packing studies. A 

good guideline for solvent selection and evaluation can be found in reference [30].  

At the end of the packing procedure, the open end of the column must be closed 

quickly to prevent the bed from expanding. [122] Special care must be taken to 

avoid damaging the chromatographic bed and creating voids (by removing excess 

silica from the end of the column). The quality of the column packing can be 

assessed by determining the A-term via van Deemter analysis. The procedure is 

described step-by-step in reference [126]. An example can be found in reference 

[127]. A schematic illustration of a column packing procedure employed in research 

can be found in Fig. IV.13. 
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Table IV.4. Effect of the slurry medium on the performance of the prepared chromatographic columns. Here, O-tert-

butylcarbamoyl quinine functionalized silica particles (5 µm, 100 Å, fully porous) were in-house slurry packed into empty 

stainless steel columns (50 x 3 mm) utilizing four different slurry media. The slurry concentration was always 250 mg/5mL 

and the packing pressure adjusted to 800 bar. Methanol was used as packing solvent. The plate number refers to the S-

enantiomer of N-[(9H-fluoren-9-ylmethoxy)carbonyl]-phenylalanine. The mobile phase used for the chromatographic runs 

consisted of methanol, acetic acid and ammonium acetate (98/2/0.5, v/v/m). The plate numbers were determined at the 

optimum flow rate determined by van Deemter analysis. The best efficiency was determined by using 2-propanol + 2% acetic 

acid as slurry solvent, which combined highest viscosity (slow sedimentation) and acidity (repulsion of charged particles, 

since the functional ligand offers basic moieties).  

slurry 
medium methanol 2-propanol methanol 

+ 2% acetic acid
2-propanol

+ 2% acetic acid

N [m-1] 57587 71682 88519 105860 

Figure IV.13. Schematic illustration of in-house column packing procedure. First, the dried silica is sieved through a 

25 µm mesh sieve to remove lint and break up or remove large agglomerates. The silica is then weighed into a glass 

bottle and dispersed in the slurry solvent. Typically, 220-250 mg of silica (for 50 x 3 mm columns) was weighed into 

the container and 5 mL of slurry solvent was added. The dispersion was then sonicated 3 times for 10 min each. 

After each sonication step, the dispersion was allowed to sediment and the fines were carefully removed by discarding 

the supernatant. The volume removed was always replenished. The slurry was then transferred to the slurry vessel 

(with the empty column attached and sealed at one end) and all air was removed from the system. A constant pressure 

pump was then used to push the solvent through the column at 800 bar (for 100-200 Å pore size particles) or 500 

bar (for 300 Å pore size particles) for at least 1 h. The column was usually sealed at both ends with 2 metal and 3 

glass frits. 
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V.3 Surface modification strategies for silica particles

Silica particles are rarely used unmodified as stationary phases in high 

performance liquid chromatography applications. Typically, the surface is 

chemically modified to alter the selectivity of the material, reduce silanol effects or 

increase hydrolytic stability. Another motivation for surface modification is the 

introduction of reactive functional groups that can be used to incorporate other 

chemical entities that would otherwise be difficult to attach to the surface. These 

chemical entities can add further selectivity to the stationary phase. Surface 

modification is typically accomplished by silanization reactions using small 

silanes. In addition to small silanes, another strategy is to attach polymers to the 

surface by adsorptive or covalent binding. Both strategies have different 

advantages and disadvantages and can be further subdivided in terms of 

immobilization chemistry. [66, 128-130] 

Classical silanization is carried out using chlorosilanes or alkoxysilanes, which can 

undergo condensation reactions with the surface silanols of the silica support (in 

type A and B silica), forming Si-O-Si bonds and releasing small, volatile molecules 

such as hydrochloride gas, methanol or ethanol (see Fig. IV.14). These silanes 

are available in a great variety of side chains. [66, 131] A novel approach to 

surface modification is silanization with silatranes (which is also a major topic of 

the studies presented in this thesis). In contrast to chlorosilanes and 

alkoxysilanes, silatranes offer advantageous properties, mainly due to their high 

hydrolytic stability, which prevents the formation of oligomers in solution in the 
presence of (traces of) water. On the surface of the silica, however, an 

immobilization reaction is possible due to the catalytic effect of the silanols. In 

particular, thinner ligand films and high ligand densities with large amounts of 

trifunctional linkages were observed, indicating the formation of a dense 

polysiloxane layer on the surface. The formation of the polysiloxane layer is highly 

favorable in terms of hydrolytic stability, and the formation of a thin layer leads to 

beneficial mass transfer properties that improve the efficiency of phases prepared 

with silatranes. Unfortunately, silatranes are only available in a small variety of 

side chains, so they usually have to be prepared in-house in order to obtain the 

desired silatrane (see Fig. IV.15-19). [132-135] For type C silica, the traditional 

modification agents are not applicable and surface modification is typically
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achieved by alkene and alkyne hydrosilylation (see Fig. IV.14). A major drawback 

is the requirement of a metal catalyst in these reactions and the consequent need 

to remove the catalyst after the reaction. [66, 136, 137]

Figure IV.14. Surface modification agents for type A, B, and C silica and resulting bonding chemistries. Type A and 

B silica are silanized using chlorsilanes or alkoxysilanes. Depending on the amount of leaving groups present, 

mono-, bi- or trifunctional bonding can be expected. However, typical trifunctional bonding is rarely achieved with 

these chemistries, and bifunctional bonding typically predominates even with trichloro- and trialkoxysilanes. The 

higher the degree of linkage to the support, the higher the hydrolytic stability of the phases should be, which is 

associated with longer column life times, more robust analysis runs and less background noise in detection. By using 

monofunctional silanes, ligand densities of 3-4 µmol/m2 can be achieved under optimal conditions, which corresponds 

to a reaction with about half of all silanols present on the surface (8 µmol/m2). Bulky side chains (such as isopropyl 

or isobutyl moieties) of silanes can be utilized to increase hydrolytic stability by steric shielding in order to prevent 

ligand bleeding as well as to reduce silanol-analyte interactions. Bridged silanes can also be used to increase 

chemical stability and partially shield silanols by bidentate bonding of the bridged ligands. Polymeric siloxane 

monolayer formation is assumed to be beneficial in terms of surface smoothness and chemical stability. For type C 

silica, alkenes and alkynes must be used for modification. For alkynes, bidentate bonding can theoretically be 

achieved, which would also lead to increased stability of the surface grafting. [66, 132, 133, 136, 137]
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Figure IV.15. Synthesis scheme for preparation of vinyl silatrane and corresponding 1H NMR (A) and 13C NMR (B) spectra 

of educts. For the in-house synthesis of vinyl silatrane, 40 mmol vinyltrimethoxysilane, 40 mmol triethanolamine, 30 mL 

toluene and 10 mg NaOH were initially placed in a 100 mL round bottom flask. A reflux apparatus was attached and the 

system was purged with nitrogen. The reaction mixture was then heated to 110°C in an oil bath. The reaction was kept under 

continuous stirring with a magnetic stirrer for 72 hours. The system was then cooled, and the reaction product was transferred 

to a glass funnel, crushed with a spatula, and washed three times with isopropanol and toluene, respectively, under slight 

vacuum. The reaction product was then dissolved in 50 mL of methylene chloride and slowly dropped into 75 mL of hexane 

using a dropping apparatus. The precipitate was then washed three more times with toluene. Finally, the reaction product 

was transferred to a 250 ml round-bottomed flask, dissolved again in methylene chloride and attached to a rotary evaporator. 

The solvent was completely evaporated and the reaction product was dried in a vacuum chamber at 60 °C for 24 h. 
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Figure IV.16. In-house synthesized silatranes and corresponding 1H and 13C NMR spectra. Synthesis procedures for A, B 

and C can be found in references [138], [139] and [140]. 
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Figure IV.17. In-house synthesized silatranes and corresponding 1H and 13C NMR spectra. The same procedure was used 

for the synthesis of A, B and C. Alkyl silatranes were synthesized from a mixture of 0.1 mol of the respective 

alkyltrimethoxysilane, 0.1 mol triethanolamine, 10 mL toluene and 4 mL of methanolic sodium hydroxide solution (2 %, m/v) 

within a round bottom flask. The flask was attached to a reflux condenser equipped with a nitrogen supply and heated up to 

110 °C using an oil bath. The reaction was allowed to proceed for 96 h under continuous magnetic stirring and gentle nitrogen 

rinsing. Thereafter, the reaction mixture was cooled down to ambient temperature and a solid reaction product precipitated.  
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Figure IV.18. In-house synthesized octadecyl silatrane and corresponding 1H and 13C NMR spectra. Synthesis procedure 

was the same as described for the other alkyl silatranes in Fig. IV.17.  

Figure IV.19. Infrared spectra recorded in-house from diverse silatranes utilizing an ATR-FTIR 630 Cary spectrometer from 

Agilent Technologies (Waldbronn, Germany). 
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After silanization, a large amount of silanols typically remains unreacted on the 

silica surface (of type A and B silica) and can lead to unwanted secondary 

interactions. These analyte-silanol interactions are most often considered in the 

context of stationary phases for reversed-phase (RP) chromatography, where 

several approaches were implemented to reduce silanol effects, including apolar 

and polar endcapping, shielding by bulky moieties (see Fig. IV.14), polar 

embedding and the creation of charged surfaces. [141-143] Polar endcapping and 

polar embedding are also considered to prevent RP phases from dewetting when 

using highly aqueous mobile phases (up to 100% water). [144] Charged surface 

columns typically have positive charges on the surface of the stationary phase, 

but the chemistry is kept proprietary by all manufacturers of such charged surface 

columns, so the exact chemistry is unknown. However, it can be assumed that the 

term charged surface most often refers to the use of bonded, (permanently) 

ionized, polar endcapping reagents. [145-147] 

Apolar endcapping with small apolar silanes is the most common approach for 

reducing silanol activity and has become a routine procedure for RP stationary 

phase synthesis.  In most cases, trimethylchlorosilane is used for endcapping, but 

other trimethylsilyl donors such as hexamethyldisilazane or bis(trimethylsilyl)tri-

fluoroacetamide can also be used. The small endcapping agents are able to reach 

silanols that are sterically difficult to access and cannot be reached by larger 

molecules. However, even with this endcapping procedure, not all silanols can be 

deactivated (see Fig. IV.20A). It is assumed that a maximum of 50 % of the total 

silanols (8 µmol/m2) can be derivatized. [142, 148-151] 

In addition to apolar endcapping, polar endcapping has been reported in a few 

cases and is proclaimed for some commercial columns. However, the term does 

not seem to be well defined and information on commercially applied polar 

endcapping strategies is difficult to find and therefore the nature of the surface 

chemistry of polar endcapped columns is often unclear. Polar endcapping should 

be aimed at reducing silanol effects and increasing surface hydrophilicity. There 

are some strategies that can be referred to polar endcapping This includes the 

introduction of new less acidic silanols on the surface (which is in some kind 

contrary to the classical apolar endcapping principle, which is based on the 

reduction of free silanols) as well as the incorporation of polar groups bearing
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ligands (neutral or basic) in close proximity to the support surface via silanization 

with the purpose of steric and electrostatic shielding of silanols. The latter better fits 

the term polar endcapping. In some cases, polar embedding is also referred to as 

polar endcapping. However, the concepts should be clearly distinguished. Overall, 

polar endcapping is more versatile and more complex than apolar endcapping, and 

therefore quite different. Polar endcapping reduces the silanol activity and alters the 

chromatographic selectivity of RP phases. [141, 152] 

Since the polar endcapping chemistry of commercial stationary phases is largely 

unknown, it has been speculated that short-chain trialkoxysilanes may act as small 

polar endcapping agents for the incorporation of less acidic silanols on the surface. 

[152] These small molecules could reach unreacted silanols on the surface that are

difficult to reach by larger molecules, similar to concept using trimethylchlorosilane

in apolar endcapping. Trialkoxysilanes are able to generate silanol groups after

binding to the surface by hydrolysis of the unreacted alkoxy moieties. This

introduces new silanols adjacent to the support surface and increases surface

hydrophilicity. The new silanols, however, offer less acidity than the silica surface

silanols and therefore provoke reduced silanol activity. Additional silanols can also

be created using trialkoxysilanes for initial functionalization, as one or two alkoxy

groups remain after mono- or bifunctional attachment. These can also be

hydrolysed to form silanol groups on the surface. Nevertheless, this second

approach reduces not the number of more acidic surface silanols, but increases

surface hydrophilicity. [152] Overall, these considerations should be viewed

critically and were not further found in the literature.

The incorporation of polar ligands by silanization could be considered true polar 

endcapping. In general, however, this is not usually done with molecules as small 

as trimethylchlorosilane (cf. apolar endcapping) and is often done simultaneously 

with the introduction of other larger RP ligands (such as octadecyl residues) or is 

achieved by unreacted functional ligands that have been partially further modified, 

such as amino groups remaining after amidation with carboxylic acids in a 

subsequent surface modification step. The polar groups used can vary, but hydroxyl 

(neutral) and amino (basic) groups are the most prevalent for polar endcapping. RP 

phases polar endcapped usually offer similar hydrophobicities as non-endcapped 

or apolar endcapped phases, but higher hydrogen bonding capacities. In the case
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of amino endcapping, additional electrostatic interactions can be obtained under 

classical pH conditions for silica stationary phases as well. Thus, on the one hand, 

strong interactions can also occur with acidic analytes, which can lead to worse 

peak shapes for such analytes. On the other hand, better peak shapes for basic 

analytes due to reduced silanol activity and repulsion effects can be usually 

observed. [141, 152, 153] Examples for polar encapped stationary phases are given 

in Fig. IV.20A. 

Polar embedding is another strategy to reduce silanol activity and increase surface 

hydrophilicity of RP phases (see Fig. IV.20B). There are two approaches to 

implement polar embedded alkyl strands on the silica surface, a two-step surface 

modification and a one-step surface modification approach. In the two-step surface 

Figure IV.20. Examples for endcapped (A) and polar embedded (B) silica-based RP stationary phases. The polar endcapped 

structures are based on references [141] and [153]. Polar embedded phases contain polar groups in close proximity to the 

silica surface. [141] 
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modification approach, the silica is first modified with a functional ligand (e.g. 

aminopropyl) and then in a second step the functional group is modified by chemical 

reaction with a second agent (e.g. long chain fatty acid) to form a long alkyl ligand 

with a polar embedded group (e.g. amide). During the second step, typically not all 

firstly immobilized ligands are converted, and typically a mixed ligand surface with 

mixed retention mechanisms (e.g. hydrophobic and ion-exchange) is formed, which 

can mostly be referred to as mixed polar embedded and polar endcapped. In the 

one-step approach, purely polar embedded ligand surfaces can be created since 

the incorporation of the polar group into the apolar chain is performed prior to 

immobilization on the silica. Thus, functional silanes with polar embedded alkyl 

chains are synthesized and then immobilized on the silica surface. Phases prepared 

by this approach do not provide additional interaction sites due to unreacted 

precursor ligands on the silica surface. [143, 154-159]

To tune chemical selectivity, it is common to immobilize (specially designed) ligands 

on the silica surface. Such ligands are often difficult to immobilize directly on bare 

silica. Therefore, precursor silica with modified surfaces bearing reactive functional 

groups (e.g. amino groups) are prepared. These reactive groups can be easily 

incorporated by classical silanization reactions. The functional groups can then be 

used to attach secondary ligands. Reactions used for this second step of surface 

modification should be able to be carried out under mild conditions, with fast kinetics 

and high yields, and should be highly selective to avoid side reactions. The bond 

formed between the precursor silica and the attached ligand should also be 

chemically stable under the later chromatographic conditions. Common reactions 

include esterification, amidation, carbamate formation, epoxy reactions, radical 

thiol-ene/yne click reactions and azide-alkyne Huisgen cycloaddition (see Fig. IV. 

21). [131, 160-171] In addition, reactive functional groups allow crosslinking of the 

ligands present on the surface by reaction with (small or polymeric) multifunctional 

crosslinking agents. Crosslinking can significantly increase the chemical stability of 

the surface modification. However, crosslinking can also change the 

chromatographic behavior of the separation material, especially in terms of 

selectivity and efficiency. [139, 172] 
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Figure IV.21. Immobilization reactions for chromatographic ligands on precursor silicas. In A, an overview is given of possible 

reactions that can be used to immobilize ligands on precursor silica particles. However, this overview is by no means 

complete. The functional groups for the ligand and the precursor silica can also be reversed. B shows the immobilization of 

a chiral ligand by thiol-ene click reaction on thiol-modified silica, based on reference [173]; AIBN: azobisisobutyronitrile. C 
shows the immobilization of the same chiral ligand by azide-alkyne click reaction (Huisgen reaction), based on reference 

[174].

Besides functionalization with small silanes, surface modification with polymers is 

also a common approach. Typically, such polymers can be immobilized on the silica 

particle by various chemistries and strategies, including immobilization by surface 

adsorption and immobilization by covalent bonding to the support via multiple 

interaction sites. In both approaches, cross-linking between the coated polymers 

can also be performed to increase the stability of the coating by forming a highly 

interconnected network (see Fig. IV.22). Multiple polymer layers of the same or 

different polymers can also be applied to the silica in order to increase the shielding 

of the silica surface or to create layers with different chromatographic properties. 

[128, 130, 175-181] An in-house strategy for sequentially coating two different 

polymers is shown in Figure IV.23. In general, covalently bonded polymeric phases 

exhibit higher chemical stability than their brush-type counterparts. However, this 
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higher stability is typically accompanied by lower efficiency due to the poorer mass 

transfer properties of these phases, caused by thick and often inhomogeneous 

polymer films. [182, 183] Polymers attached only by adsorption can be leached from 

the particles by application of mobile phases capable of dissolving the polymers. 

Therefore, the solubility of the polymer must be taken into account when selecting 

the mobile phase for such phases in order to prevent damaging the stationary 

phase. [139] A good illustrative example of the different solvent compatibility 

of adsorptively or covalently immobilized polymeric stationary phases 

give polysaccharide-based chiral stationary phases, which are available in both 

forms. [184] 

Figure IV.22. Strategies for the immobilization of polymers on the silica surface. A: Immobilization by adsorption is typically 

achieved by dispersing silica particles in a solution of the polymer of interest. The polymer should be efficiently dissolved in 

the solution. In the next step, the solvent is typically removed by evaporation and the polymer precipitates on the silica surface 

due to its decreasing solubility. Strong adsorption of the polymer is then achieved by attractive interactions such as 

electrostatic, dipole-dipole or hydrogen bonding. B: To achieve more stable coatings after immobilization of polymers by 

adsorption, a crosslinking agent can be added to the initial polymer solution and also deposited on the silica surface by 

solvent evaporation. Interconnection of the polymers with the crosslinking agent can then be initiated, depending on the 

reaction, by raising the temperature (thermally initiated reactions) or by exposure to UV radiation (photo-initiated reactions). 

C: Multiple layers of polymers can be applied to the silica. This can result in more efficient shielding of the silica surface, 

reduced silanol-analyte interactions and increased chemical stability of the stationary phase. D: Polymers containing 

functional groups that can react with the surface silanols (such as alkoxysilanes) can be covalently bonded to the unmodified 

silica support during the coating process and form a stable layer due to multiple bonds. E: Polymers can also be covalently 

bonded to pre-functionalized silica. The functionalization of the silica allows covalent bonding of polymers that could not react 

with bare silica. F: Crosslinking of the polymer chains can further increase the chemical stability by forming a highly 

crosslinked network. G: Additional similar polymer layers can be deposited on the surface to increase surface shielding. H: 

Additional distinct polymer layers can be attached in order to introduce different chemical and chromatographic properties.
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Figure IV.23. In-house preparation of polymeric coated zwitterionic ion-exchangers via two different immobilization 

approaches for the immobilization of the second polymer layer. Under chromatographic conditions the sulfonic acid groups 

and the amine groups of Poly-ZWIX-SP 1 and Poly-ZWIX-SP 2 are charged and therefore create a zwitterionic surface; 

PMPMS: poly(3-mercaptopropyl)methylsiloxane, SP: stationary phase, ZWIX: zwitterionic ion exchanger, WAX: weak anion 

exchanger. Reaction conditions: (1): 10 g bare silica, vinyltrimethoxysilane (6 µmol/m2), 4-dimethylaminopyridine (5 % n/n of 

vinyltrimethoxysilane), 150 mL dry toluene, reflux, 24 h, (2): 3 g vinyl silica, PMPMS (10 µmol/m2), AIBN (10 % n/n to vinyl 

groups), 25 mL methanol, solvent evaporation and subsequent heating at 60 °C for 45 min, (3): 1.3 g PMPMS coated silica, 

polyethylenimine (PEI, Mw ~ 8000) (250 µmol/g), butanediol diglycidyl ether (50 % n/n to primary amines; 500 µmol/g), 25 

mL methylene chloride, solvent evaporation and subsequent heating at 60 °C for 4h, (5): preparation of coating solution: 

polyethylenimine (PEI, Mw ~ 8000) (250 µmol/g), allyl glycidyl ether (800 µmol/g), 25 mL 1,4-dioxan, reflux, 2 h, coating 

procedure: 1.3 g PMPMS coated silica, coating solution, azobisisobutyronitril (10 % n/n to vinyl to allyl glycidyl ether), solvent 
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evaporation and subsequent heating at 60 °C for 1 h, (4)+(6): 1 g Poly-SAX-SP 1 or Poly-SAX-SP 2 silica, 40 mL methanol, 

2.1 mL formic acid, dropwise adding of a mixture containing 9.5 mL formic acid and 0.5 mL hydrogen peroxide (30 % v/v), 

ice cooling, 4h. Elemental analysis results: vinyl silica: C [%]: 1.38 ± 0.01, H [%]: 0.37 ± 0.01, N [%]: < 0.03, S [%]: < 0.02, 

PMPMS coated silica: C [%]: 2.94 ± 0.02, H [%]: 0.69 ± 0.01, N [%]: < 0.03, S [%]: 1.10 ± 0.00, Poly-WAX-SP 1: C [%]: 3.46 

± 0.02, H [%]: 0.76 ± 0.01, N [%]: 0.32 ± 0.00, S [%]: 1.04 ± 0.00, Poly-WAX-SP 2: C [%]: 12.07 ± 0.04, H [%]: 2.37 ± 0.02, N 

[%]: 2.84 ± 0.01, S [%]: 0.86 ± 0.01, Poly-ZWIX-SP 1: C [%]: 3.22 ± 0.01, H [%]: 0.76 ± 0.01, N [%]: 0.31 ± 0.00, S [%]: 1.00 

± 0.01, Poly-ZWIX-SP 2: C [%]: 11.04 ± 0.03, H [%]: 2.17 ± 0.01, N [%]: 2.41 ± 0.00, S [%]: 0.76 ± 0.00. 
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V.4 Surface chemistries and chromatographic modes

A wide variety of chromatographic stationary phases with different surface 

chemistries is available on the market nowadays (see Fig. IV.25). Depending on 

the surface chemistry, the columns are suitable for different chromatographic 

modes, which can be based on pore exclusion, partitioning and adsorption effects 

for separation. In addition, mixed-mode chromatography (MMC), which combines 

several techniques, has become popular. Three concepts can be distinguished in 

mixed-mode chromatography for the preparation of mixed-mode columns, the 

preparation of mixed beds, the generation of mixed ligand surfaces, and the 

immobilization of mixed-mode ligands (see Fig. IV.24). [185-187] The best-known 

chromatographic modes are size-exclusion chromatography (SEC), normal-phase 

chromatography (NPC), reversed-phase chromatography (RPC), hydrophobic-

induction chromatography (HIC), hydrophilic-interaction chromatography (HILIC), 

ion-exchange chromatography (IEX), ion-pair reversed-phase chromatography (IP-

RPC), affinity chromatography, and chiral chromatography. However, there are also 

many less prominent chromatographic modes, such as ion exclusion 

chromatography (IEC), hydrophobic charge induction chromatography (HCIC), 

silver ion chromatography, and many others that are not listed here.  

Size exclusion chromatography is most commonly used for the purification of 

macromolecules such as proteins. In size exclusion chromatography, analytes are 

separated according to their hydrodynamic radius. Depending on their size, the 

analytes can enter or be excluded from the pores of the stationary phase. Larger 

Figure IV.24. Concepts for creation of mixed-mode stationary phases; based on reference [185].
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Figure IV.25. Overview of stationary phases to illustrate the variety of available stationary phase surface chemistries. 

However, this is by no means a complete picture and there are many other stationary phase surface chemistries available. 

Further overviews can be found in references [188], [189] and [190]. 
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molecules cannot enter the pores and therefore migrate faster through the column. 

Smaller molecules can enter the pores and travel a longer distance, eluting more 

slowly. This results in the separation of molecules based on size (Fig. IV.26). The 

separation material used must have a controlled pore size and must not interfere 

with the analytes in order to enable this separation based on size. For this reason, 

organic polymer beads are most commonly employed, which typically offer fewer 

undesirable interactions than silica-based stationary phases. However, bare silica 

or modified silica particles can also be applied. For example, diol-modified silica 

particles or silica modified with polyethylene oxide are commonly deployed. A 

thorough overview of size exclusion chromatography, especially for proteins, is 

given in the review article presented in reference [191]. 

Figure IV.26. Illustration of the separation of analytes by size exclusion chromatography. 

Normal phase chromatography (NPC) is a widely used technique for the analysis 

and purification of compounds, particularly for separating mixtures based on polarity 

differences. In NPC, the stationary phase is usually polar. The mobile phase is a 

non-polar solvent such as hexane or chloroform, which contrasts to the stationary 

phase. Commonly used stationary phases include amino, cyano, or diol phases. 

Bare silica can also be used. Separation occurs because compounds of different 

polarities interact differently with the stationary phase by polar interactions such as 

hydrogen-bonding or dipole-dipole interactions. More polar compounds interact 

more strongly with the stationary phase, leading to retention within the column, 

while less polar compounds elute more rapidly (Fig. IV.27). An overview of NPC 

can be found in the review article in the reference [192].  
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Figure IV.27. Illustration of the separation of analytes by normal phase chromatography. 

Hydrophilic interaction chromatography (HILIC) is a widely used technique for the 

separation of polar analytes. For this reason, polar stationary phases are used in 

HILIC. These include inter alia bare silica, amide, amino and sulfobetaine phases. 

The mobile phase generally consists of a large proportion of organic solvent, such 

as acetonitrile or methanol, and a small proportion of water. The water in the mobile 

phase typically forms a stagnant aqueous layer on the surface of the stationary 

phase. Consequently, the separation of analytes occurs by partitioning between this 

immobilized aqueous layer and the moving water-deficient bulk mobile phase (Fig. 

IV.28). In addition to separation by partitioning, polar interactions between the

analytes and the stationary phase, such as hydrogen bonding, dipole-dipole

interactions or electrostatic interactions, have also been reported to contribute to

the separation mechanisms in HILIC. As a consequence, mixed-mode techniques

have been described that combine the classical separation principle of HILIC by

distribution with the additional polar interactions such as hydrophilic interaction

electrostatic repulsion chromatography (ERLIC). A good overview of HILIC and in

particular of the stationary phases used in this technique can be found in reference

[188].

Figure IV.28. Illustration of the separation of analytes by hydrophilic interaction chromatography. The log P value is the 

logarithm of the octanol-water coefficient and is therefore a measure of the relative solubility of a compound in organic and 

aqueous solvents. 
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Reversed phase chromatography (RPC) is the most commonly used 

chromatographic mode in high performance liquid chromatography. As opposed to 

NPC, RPC separates compounds on the basis of their hydrophobicity. The 

stationary phase is non-polar and typically contains C4, C8, C18, phenyl groups or 

other hydrophobic moieties. In some cases, these phases are additionally non-polar 

or polar end-capped or contain polar groups embedded within their hydrophobic 

ligands. The mobile phases used in RPC are typically mixtures of polar solvents 

such as water, methanol and acetonitrile. The analytes are retained by hydrophobic 

interactions with the stationary phase. Compounds with higher hydrophobicity have 

stronger interactions, resulting in longer retention times (Fig. IV.29). The retention 

times of compounds can be tuned by adjusting the elution strength of the mobile 

phase in accordance to the eluotropic series of solvents for RPC. Hydrophobic 

compounds that are extensively retained in RPC and have low solubility in aqueous 

mobile phases can be separated by normal phase chromatography. Reference 

[193] provides a very good overview of reversed-phase chromatography, especially

for peptides and proteins.

Figure IV.29. Illustration of the separation of analytes by reversed phase chromatography. 

Ion-pair reversed phase chromatography (IP-RP) is typically used for the analysis 

of charged or ionizable compounds and involves the formation of ion pairs between 

the analytes and oppositely charged ion pairing reagents in the mobile phase. The 

formed apolar ion pairs interact with the stationary phase and lead to the retention 

of charged analytes on classical reversed-phase chromatography stationary 

phases (Fig. IV.30). Classic ion-pairing reagents are long-chain alkyl sulfonates or 

alkyl ammonium salts. The elution strength of the mobile phase can be adjusted by 

the amount of organic solvent contained in the mobile phase. In reference [194], the 
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analysis of oligonucleotides by means of ion-pair reversed-phase chromatography 

is described and discussed. 

Figure IV.30. Illustration of the separation of analytes by ion-pair reversed phase chromatography. 

Ion-exchange chromatography (IEX) is used to separate and purify a wide variety 

of compounds, including proteins, peptides, nucleic acids, and small molecules. It 

is based on the principle of reversible adsorption of analytes to the stationary phase 

by electrostatic attraction (Fig. IV.31). For this purpose, the stationary phase 

generally provides sites for ionic interactions. The stationary phase can provide 

either anionic (e.g. sulfonate groups) or cationic (e.g. ammonium groups) 

interaction sites or both. Thus, cation-, anion-, and zwitterionic ion-exchange 

chromatography are distinguished. The mobile phase is typically a buffer solution. 

The buffer salts compete with the analytes for interaction sites on the stationary 

phase, causing elution of the analytes. Therefore, the elution strength of the mobile 

phase can be adjusted by the concentration of the buffer. Reference [195] provides 

an in-depth look at the theory of ion exchange chromatography and its application 

to biopharmaceuticals. 

Figure IV.31. Illustration of the separation of analytes by ion-exchange chromatography. 
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Ion exclusion chromatography (IEC) is usually used for the separation of hydrophilic 

acids and bases. Therefore, strong anion or strong cation exchange resins are 

commonly used as stationary phases. Negatively charged components, such as 

ionized carboxylic acids, are separated on cation exchange resins. Positively 

charged components are separated on anion exchange resins. In IEC, strongly 

charged molecules with the same charge as the stationary phase are excluded from 

the pores of the stationary phase (Fig. IV.32). Weakly charged or neutral 

components can enter the pores and are retained. In particular, weak electrolytes 

are retained according to their degree of dissociation: the greater their dissociation, 

the less they are retained. As a result, analytes can be separated based on their 

dissociation constants. Analytes with an opposite charge to the stationary phase 

are retained the most, as they adsorb to the stationary phase by electrostatic 

interactions. The exclusion effect is typically explained by the Donnan theory, which 

assumes the formation of a Donnan membrane on the surface of the stationary 

phase that repels molecules with the same charge as the stationary phase, thus 

excluding them from the pores. A model for ion exclusion chromatography 

according to the Donnan theory is described in the reference [196].  

Figure IV.32. Illustration of the pore exclusion of charged analytes in ion-exclusion chromatography. 

Hydrophobic charge induction chromatography (HCIC) is a mixed-mode 

chromatography technique that combines hydrophobic adsorption and electrostatic 

repulsion for the purification of biomolecules such as proteins. Stationary phases 

used in HCIC typically contain ligands that provide hydrophobic interaction sites 

and pH-dependent ionizable moieties, such as pyridine groups. In the first step, the 

target molecules are adsorbed to the stationary phase by hydrophobic binding. In 

the subsequent elution step, electrostatic repulsion of the bound compounds from 

the stationary phase is usually induced by changing the pH of the mobile phase, 
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leading to ionization of the stationary phase ligand and usually also of the bound 

compounds (Fig. IV.33). Typical HCIC stationary phase ligands are presented in 

reference [197]. 

Figure IV.33. Illustration of retention and elution mechanism of target molecules in hydrophobic charge induction 

chromatography. 

Silver ion chromatography is a technique mainly used for the analysis of lipids and 

is based on the interaction of immobilized silver ions of the stationary phase with 

the double bonds of the analytes. According to the Dewar-Chatt-Duncanson model, 

a transient charge transfer complex is formed between the silver ions and the 

double bonds, resulting in the retention of unsaturated compounds (Fig. IV.34). 

Thus, the analytes are separated according to the number of double bonds. 

However, the configuration of the double bonds also influences the retention 

behaviour. Immobilization of the silver ions on the stationary phase is usually 

achieved by electrostatic adsorption to strong cation exchangers on the stationary 

phase surface, such as sulfonate groups. The chromatographic conditions used are 

typical classical normal phase conditions, which prevent the detachment of the 

silver ions from the stationary phase. A comprehensive review of common silver ion 

chromatographic separation techniques is provided in reference [198].

Figure IV.34. Illustration of separation mechanism in silver ion chromatography.
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Affinity chromatography is a powerful technique for isolation and purification of 

specific target molecules such as proteins, antibodies or nucleic acids. Its specificity 

and high affinity enable the separation and purification of target molecules even in 

complex samples. Typically, affinity chromatography involves an initial purification 

step in which the target molecule is strongly retained on the column, followed by an 

elution step in which the target molecule is eluted from the column. The chemistry 

of the stationary phase affinity ligand is determined by the nature of the target 

molecule, as a highly specific interaction must be achieved. For example, protein A 

is used as affinity ligand for purification of antibodies, and nickel-nitrilotriacetic acid 

(Ni-NTA) is used for histidine-tagged proteins (Fig. IV.35). The specific binding 

prevents elution of the target molecule during the purification step and separates 

the target molecule from the residual sample. The subsequent elution step usually 

requires a change in mobile phase composition. For example, in protein A 

chromatography, a pH change provokes the elution of bound antibodies from the 

stationary phase. In Ni-NTA affinity chromatography, elution is usually induced by 

adding imidazole to the mobile phase in the elution step. References [199] and [200] 

provide an overview of the various techniques of affinity chromatography and the 

stationary phases used. 

Figure IV.35. Illustration of protein A affintiy chromatography (A) and Ni-NTA affintiy chromatography (B).
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Chiral chromatography is used to separate enantiomers and can be performed 

using various chromatographic modes such as normal phase, reversed phase or 

ion exchange chromatography. There are several different stationary phases used 

in chiral chromatography, such as polysaccharide-based, cyclodextrin-based, 

protein-based, macrocyclic or quinine alkaloid-based chiral stationary phases 

(CSPs). The mechanism of enantiomer discrimination on stationary phases can be 

explained by differences in enthalpic, entropic and steric interactions of the 

enantiomers with the stationary phase (Fig. IV.36). Reference [201] reviews the 

progress in the development of chiral stationary phases and reference [202] details 

the chiral recognition mechanism of the stationary phase.  

Figure IV.36. Illustration of the chiral recognition mechanism on a chiral stationary phase. 
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V.5 Stationary phase characterization techniques

The characterization of stationary phases is of great importance for quality control 

of established stationary phases as well as for the evaluation of newly developed 

stationary phases. In routine stationary phase production, stationary phase 

characterization allows verification of synthesis and performance reproducibility. In 

stationary phase development, stationary phase characterization provides valuable 

information about synthesis success, stationary phase chemistry, estimation of 

chromatographic properties, separation mechanisms, material stability, 

orthogonality to other stationary phases, and possible application fields. 

Figure IV. 37 gives an overview of commonly used methods for stationary phase 

characterization. In general, chemometric, thermal, gravimetric, porosity 

determination, microscopic, electromigration, spectroscopic and chromatographic 

methods can be distinguished. In principle, however, other methods can also be 

used to characterize stationary phases. [203-207] 

Chemometric methods can be utilized to predict and understand stationary phase 

interactions with analytes via molecular modeling and are therefore a useful tool in 

design and method development. In addition, chemometrics can be applied to 

analyze and compare chromatographic data from novel and established stationary 

phases, thus revealing orthogonality between columns (Fig. IV.38). [208]  

Figure IV.37. Overview of commonly used methods for stationary phase characterization based on [203], [204], [205], [206] 

and [207]; ICP: inductively coupled plasma, IR: infrared spectroscopy, MS: mass spectrometry, NMR: nuclear magnetic 

resonance spectroscopy, PCA: principal component analysis, SP: stationary phase. 
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Figure IV.38. Stationary phase classification of commercial columns. The score plot was generated by principal component 

analysis of chromatographic data obtained under reversed-phase and hydrophilic interaction chromatography conditions. The 

chromatographic data and the surface chemistry of the stationary phases can be found in [140]. PC1 encodes the 

hydrophobicity of the stationary phase, while PC2 encodes the surface charge. Columns with similar chromatographic 

behavior are clustered next to each other, and those with different chromatographic characteristics are far apart. Thus, the 

orthogonality of columns can be revealed. Principal component analysis was carried out by using the multivariate data 

analysis software SIMCA (17.0.2) from Sartorius Stedim Data Analytics AB (Umeå, Sweden). 

The surface chemistry of stationary phases can be investigated and elucidated by 

a variety of techniques, including thermal, gravimetric, spectroscopic, and 

electromigration methods. Elemental analysis, for example, can provide information 

on the elemental composition of the material and thus allow the calculation of ligand 

densities immobilized on silica supports. [132] Solid-state nuclear magnetic 

resonance (NMR) spectroscopy and infrared spectroscopy (Fig. IV.39) can both 

provide additional information about the chemical structure of the surface ligands 

and their successful immobilization on the support. [209-213] 29Si solid-state NMR 

(Fig. IV.40) can also provide information about the binding characteristics of the 

ligands to the support in silica-based stationary phases. [132, 209] ζ-potential 

measurements (Fig. IV.41) can reveal the charge properties of the stationary phase 

surfaces. Charge properties typically play a crucial role in chromatographic 

processes and are therefore of great interest. [214-216] 
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Figure IV.39. Infrared spectrum recorded in-house from bare silica utilizing an ATR-FTIR 630 Cary spectrometer from 

Agilent Technologies (Waldbronn, Germany). Spectra of modified silica particles can be found, for example, in reference 

[215] and [217].

Figure IV.40. 29Si CP/MAS spectrum of modified silica particles. The spectrum exhibits the typical signals for the silica support 

(Q3: free single and vicinal silanol groups, Q4: siloxane groups) and three signals that can be assigned to the silicon atoms 

of the ligands immobilized to the silica support via mono-, bi- or trifunctional bonding. Other characteristic signals in 29Si 

CP/MAS spectra are described in [203] and [209]. 



CHAPTER ONE: INTRODUCTION | 51 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

Figure IV.41. The ζ-potential corresponds to the surface charge of the particles and represents the charge at the shear 

surface (A). pH-Dependent ζ-potentials of modified and bare silica particles can be obtained by electrophoretic light 

scattering (B). [214, 215, 218] For determination of ζ-potentials of the modified silica particles (for synthesis procedure see 

Fig. IV.23), the particles were suspended in buffer solution at constant ionic strength (1mM buffer in 10 mM potassium 

chloride solution) yielding a concentration of 0.2 mg silica particles per mL buffer solution. The following buffers were used: 

buffer 1 (formic acid; pH adjusted to 3.5 with sodium hydroxide), buffer 2 (formic acid; pH adjusted to 4.5 with sodium 

hydroxide), buffer 3 (acetic acid; pH adjusted to 5.5 with sodium hydroxide), buffer 4 (histidine; pH adjusted to 6.5 with 

hydrochloric acid), buffer 5 (tris(hydroxymethyl)aminomethane; pH adjusted to 7.5 with hydrochloric acid), buffer 6 

(tris(hydroxymethyl)aminomethane; pH adjusted to 8.5 with hydrochloric acid), buffer 7 (boric acid; pH adjusted to 9.5 with 

sodium hydroxide). Measurements were conducted using a Zetasizer NanoZS particle analyzer from Malvern Instruments 

(Herrenberg, Germany). The silica suspensions were analyzed 3 times at 25 °C and the equilibration time was set to 5 min. 

Finally, the corresponding ζ-potentials were calculated according to the Smoluchowski approximation.

The (micro-)structure of the stationary phase support material can be 

characterized inter alia by microscopy and by porosity determination methods. 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) can be utilized to get insight into particle shape, size, pore structure, 

location and uniformity of pores, surface topography and roughness. [213, 219] 

SEM and TEM can both produce high-resolution images of samples, but their 

imaging approaches are different. In SEM, the sample is scanned with a focused 

beam and the emitted electrons are collected to produce an image of the surface 

(Fig. IV.42). In contrast, in TEM, the electrons are sent through the material and 

the electrons that pass through the material are collected. Both approaches can 

require sputtering of the material, which can affect the images obtained. [220, 

221] This is a particular concern with SEM, where sputtering is used to reduce the 

surface charge of the material. Sputtering involves depositing an ultrathin film of 

an electrically conductive metal (e.g., gold, palladium, platinum) on a non-

conductive or poorly conductive specimen. The sputtered films are typically 

around 10 nm thick and can smooth the surface, making the original topography
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unrecognizable. As a result, other attempts now use atomic force microscopy 

(AFM) to characterize the surface topography. [213] Reference [222] shows both 

SEM and TEM images of the same modified silica particles, clearly illustrating the 

different characteristics of the images obtained by each technique.

Figure IV.42. Scanning electron microscopy images of polystyrene-divinylbenzene spheres synthesized according to [84]. 
The images were in-house recorded using an JEOL JSM-6500F scanning electron microscope (no sputter coating).

In addition to microscopic methods, nitrogen adsorption (BET analysis), 

mercury porosimetry and inverse size exclusion chromatography (ISEC) can 

provide valuable information about the porosity of the material. Typically, the 

porosity of silica materials is determined by nitrogen adsorption via BET analysis. 

However, it should be taken into account that nitrogen, as a small probe 

molecule, can also penetrate into pores that are not available for 

chromatographic processes under liquid chromatography conditions. As a result, 

the effective surface area obtained may be much larger than the actual surface 

area available under chromatographic conditions. The same applies to the pore 

volume distribution of the stationary phases. Thus, especially ISEC can be a 

useful alternative, which is performed under liquid chromatographic 

conditions with polymeric standards and thus represents rather applicative 

conditions. As a result, ISEC may provide more relevant specific surface 

areas and pore volume distribution values than those obtained by gas 

adsorption (Fig. IV.43). [48] 

Evaluating and exploring the chromatographic behavior of columns using 

chromatographic test mixtures and conditions is also an essential part of 

stationary phase characterization. For this purpose, numerous chromatographic 

tests have been developed to investigate column properties under different 

conditions and chromatographic modes, such as reversed-phase, normal-phase 

and hydrophilic interaction chromatography. Reference [207] provides a 

comprehensive review of prominent chromatographic tests. One of the best known
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Figure IV.43. Porosity estimation via inverse size exclusion chromatography for double polymer-modified silica 

particles according to reference [127]. Modified silica (Poly-ZWIX-SP1) was prepared as described in Fig. IV.23. Molecular 

weights of the polymers were 370, 1,306, 3,470, 8,680, 17,600, 34,800, 66,000, 130,000, 277,000, 552,000, 1,210,000 and 

2,520,000 Da. Polymers were divided into three samples (WHITE, RED, GREEN). Tri-tert-butylbenzene (TTBB) 

served as void volume marker.

is probably the Tanaka test, which has been used to characterize classic 

reversed-phase stationary phases. This test determines the number of alkyl 

chains, hydrophobicity, steric selectivity, hydrogen bonding capacity, ion 

exchange capacity at pH >7 and ion exchange capacity at pH <3 using the 

chromatographic conditions and test compounds shown in Table IV.5. [203, 

223, 224] 

In addition to the methods described, it is also beneficial to consider other suitable 

techniques for investigating specific properties of stationary phases. These 

may include (innovative) techniques from other scientific disciplines that 

are not commonly associated with the characterization of stationary phases.

Table IV.5. Conditions of the Tanaka test. [223, 224]
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a b s t r a c t 

The role of individual functional groups has been assessed with regard to surface charge and chromato- 

graphic retention. Coatings were prepared from various fragments of the chiral zwitterionic materials

Chiralpak ZWIX( + ) and ZWIX(-). The different chromatographic ligands allowed fine tuning of the surface 

charge. Chiralpak ZWIX phases showed strongly negative ζ -potentials over the entire pH-range. Zwitteri- 

onic congeners with quinuclidine and sulfonic acid moieties but lacking the quinolone ring in the ligand

structure exhibited shifted ζ -potentials of around + 5 to 20 mV depending on the surrounding residues. 

Capillary electrophoretic mobilitiy measurements with the chromatographic ligands and molecular dy- 

namics simulations were carried out to offer some explanation of these surface charge differences of

the distinct zwitterionic stationary phases. The new mixed-mode phases were also chromatographically

characterized by simple RP and HILIC tests. The results allowed their positioning within a large variety

of different commercially available RP, HILIC and mixed-mode phases, which were evaluated as well, by

multivariate data processing using principal component analysis. The new mixed-mode phases overall

exhibit reasonable hydrophilicity-lipophilicity balance and enable retention of ionic compounds by addi- 

tional ionic interactions through weak anion-exchange (WAX-type), strong cation-exchange (SCX-type) or

both (RP/ZWIX-type). Hence, the new RP/ZWIX phases can be flexible tools for selectivity tuning in RP

and HILIC separations.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Mixed-mode chromatography (MMC) [1–7] has raised interest 

as an alternative LC separation mode to reversed-phase (RP) LC 

[8,9] and hydrophilic interaction chromatography (HILIC) [10–12] . 

It combines distinct retention and separation principles, respec- 

tively, in one column. This can be accomplished by i) blending of 

distinct particles, e.g. RP particles and ion-exchangers (mixed bed), 

ii) mixing of chromatographic ligands with different retention prin-
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genstelle 8, 72076 Tübingen, Germany
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ciples on the same support (mixed-ligand), iii) distinct retention 

principles on one chromatographic ligand (mixed-mode ligand) 

[4] . Multimodality (e.g. applicability in RP, HILIC, cation exchange

(CX), anion exchange (AX), ion-exclusion (IEC), hydrophobic inter- 

action chromatography (HIC) [13] ), orthogonality/complementarity 

to RP and HILIC, wider scope of application [2] , enhanced flexibil- 

ity in method development and optimization [13] , and higher sam- 

ple loading capacity compared to RP in preparative applications 

[14] are features of MMC phases. They have found applications for

analysis of oligonucleotides [1,15,16] , peptides [13,14,17–19] , pro- 

teins [20] , metabolites [2] and simultaneous analysis of pharma- 

ceuticals and their counterions [4,21] , as well as for comprehensive

analysis of natural products by multidimensional separations [22] ,

and many more.

https://doi.org/10.1016/j.chroma.2020.461075

0021-9673/© 2020 Elsevier B.V. All rights reserved.
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Fig. 1. Surface chemistries of the investigated zwitterionic, strong cation- and weak anion-exchange type mixed-mode stationary phases.

A number of distinct chromatographic modalities (i.e. reten- 

tion principles) have been combined in MMC. For example, com- 

bination of size-exclusion with RP has been realized by so- 

called internal surface RP phases [23] , HILIC with RP e.g. [24] or 

by the commercial column Acclaim Mixed-Mode HILIC-1 (from 

Thermo Fisher Scientific) [4] . Most commonly, however, ion- 

exchange is combined with RP or HILIC to yield RP/AX [1,14,16,25–

27] , RP/CX [28] , RP/ZWIX [29] , HILIC/AX [30,31] , HILIC/CX [32] ,

HILIC/ZWIX [33] phases (all available as either weak or strong

ion-exchanger modalities). Trimodal phases combining e.g. cation- 

exchange, anion-exchange and RP have been proposed as well 

[4,34,35] . The combination of electrostatic repulsion with HILIC 

elution was termed ERLIC [36] . Many of the ionic liquid-derived 

LC phases [37] as well as several zwitterionic stationary phases 

[38] reported in the literature can also be classified as MMC

phases. Further, more advanced mixed-mode phases have been

proposed such as those combining chiral stationary phases with

size exclusion principles (internal surface chiral stationary phase)

[39,40] .

In general, chiral stationary phases can act per se as mixed- 

mode phases owing to their plurality of functional groups. There- 

fore, it is not surprising that they have been examined for chal- 

lenging achiral applications [41–43] . In this work we explore the 

mixed-mode chromatography behavior of Chiralpak ZWIX( + ) and 

ZWIX(-), i.e. cinchonan carbamate based chiral stationary phases 

decorated with cyclohexylsulfonic acid carbamate residues [44] . 

This chiral selector contains both anion (WAX) and cation ex- 

changer (SCX) functionalities as well as hydrophobic moieties and 

can be classified as a RP/SCX/WAX trimodal mixed-mode phase 

(RP/ZWIX for short). To better understand the incremental contri- 

butions of the various interaction sites to the mixed-mode chro- 

matography behavior, a fragment-based design was adopted to de- 

vise a series of structural analogs of this ZWIX-type MMC phase 

( Fig. 1 ). Thus, new RP/WAX, RP/SCX and RP/ZWIX type MMC 

phases were obtained which are characterized herein regarding 

their surface charge (pH-dependent ζ -potentials), multimodal ap- 

plicability in RPLC and HILIC, hydrophilicity/lipophilicity balance 

(HLB) and anion- and cation-exchange capability. A benchmark- 

ing study was performed which allowed the classification of these 

phases among groups of commercial RP, HILIC and MMC phases. 

In addition, a molecular dynamics simulation was carried out 

to explain surface charge differences of the distinct zwitterionic 

stationary phases by conformational preferences of the different 

selectors. 

2. Experimental

2.1. Materials 

Chiralpak ZWIX( + ) (150 × 3 mm ID, 3 μm) and ZWIX(-) (150 ×
4 mm ID, 3 μm) were purchased from Chiral Technologies Europe 

(Ilkirch, France). The weak anion-exchange stationary phases QN- 

AX and QN were prepared as described elsewhere [45,46] . Quinine, 

quincorine (( 2S,4S,5R )-2-hydroxymethyl-5-vinylquinuclidine, QCI) 

and quincoridine (( 2R,4S,5R )-2-hydroxymethyl-5-vinylquinuclidine, 

QCD) (all as free bases) were from Buchler (Braunschweig, Ger- 
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many) (note, configurational descriptors are inconsistently used 

in the literature which may be confusing. The above termi- 

nology is identical to the CA index terminology ( 1S,2S,4S,5R )-5- 

ethenyl-1-azabicyclo[2.2.2]octane-2-methanol for quincorine, CAS 

registry number (RN) 207129-35-9, and ( 1S,2R,4S,5R )-5-ethenyl- 

1-azabicyclo[2.2.2]octane-2-methanol for quincoridine, CAS RN

207129-36-0).

The silica used for immobilization of the new chromatographic 

ligands was Daisogel 3 μm, 120 Å (DAISO Fine Chem GmbH, 

Düsseldorf, Germany). 3-Mercaptopropyl-modified silica was 

utilized for the immobilization of the chromatographic ligands 

and was synthesized as described previously [45] . 4-Nitrophenyl 

chloroformate, N,O -bis(trimethylsilyl)acetamide (BSA), calcium 

hydride (CaH 2 ), taurine, 5-hexen-1-ol, 4-dimethylaminopyridine, 

and 3-mercaptopropyltrimethoxysilane were purchased from 

Sigma Aldrich (Munich, Germany). ( 1R,2R )- and ( 1S,2S )- trans -2- 

aminocyclohexanesulfonic acid (ACHSA) were kindly donated by 

Chiral Technologies Europe. Methanol (MeOH), hexane, diethyl 

ether, toluene and dichloromethane (DCM) used for the synthesis 

were technical grade and purchased from Brenntag (Essen, Ger- 

many). Acetonitrile (ACN) and methanol HPLC grade were used for 

HPLC analysis and ultrapure water was obtained by purification of 

demineralized water using Elga PureLab Ultra Purification System 

(Celle, Germany). Mobile-phase additives acetic acid, formic acid 

(FA), ammonium acetate (NH 4 Ac) and trifluoroacetic acid (TFA) 

were of analytical grade (Sigma-Aldrich). 

The analytes of the RP test, butylbenzene (BuB), pentylbenzene 

(PeB), N - tert -butoxycarbonyl-prolyl-phenylalanine (BocProPhe) and 

the reagents O,O -diethylthiochlorophosphate (DETCP) and triethy- 

lamine for the synthesis of O,O -diethylthiophosphate (DETP), and 

of the HILIC tests (theophylline (Tp), theobromine (Tb), uridine (U) 

and 2’-deoxyuridine (2dU), adenosine, cytidine, guanosine, thymi- 

dine, ascorbic acid, nicotinic acid, pyridoxine, riboflavin, thiamine), 

as well as the void volume markers 1,3,5-tri- tert -butylbenzene 

(TTBB) and toluene (for HILIC) were purchased from Sigma Aldrich 

(Munich, Germany). 

2.2. Instrumentation and software 

The chromatographic tests were performed on an 1100 series 

HPLC instrument from Agilent Technologies (Waldbronn, Germany) 

equipped with a degasser, binary pump, column compartment 

with temperature control, a variable wavelength detector (VWD) 

and a charged aerosol detector (CAD, Thermo Scientific, Munich, 

Germany) or an Agilent Technologies LC MSD-SL ion-trap mass- 

spectrometer. Mobile phases for the chromatographic tests and 

other conditions are specified in respective figure captions. 

Nuclear magnetic resonance (NMR) spectroscopy experiments 

were done on a Bruker Avance 400 MHz with methanol-d 4 , DMSO- 

d 6 , or CDCl 3 as solvents. The chemical shifts are described in ppm. 

The software MestReNova (Mestrelab Research, Santiago de Com- 

postela, Spain) was used for data processing. 

For chiroptical analysis, optical rotation (OR) was measured 

with an instrument from Anton Paar MCP 200 (Graz, Austria) at 

589 nm (Na 589 ) using a 1 dm quartz cuvette with 1 mL volume. 

Electrophoretic light scattering measurements for determina- 

tion of the ζ -potentials were performed on a Zetasizer NanoZS 

particle analyzer equipped with a Universal Dip Cell (Malvern In- 

struments, Herrenberg, Germany). pKa values were calculated with 

Marvin Sketch (14.12.15.0). The software by SIMCA Multivariate 

Data Analysis Solution (Version 15.0.2.5959, Sartorius Stedim Data 

Analytics AB, Umeå, Sweden) was used for the principal compo- 

nent analysis with the following parameters: level of significance: 

95 %, normalized in units of standard deviation, no weighting, au- 

toscaled, centered. 

2.3. Synthesis of the chromatographic ligands 

The synthesis of the chromatographic ligands followed proce- 

dures as described for the ZWIX phases [44] . 

General Procedure (A) for the synthesis of carbonate derivatives 1 , 

2 and 3 : 

To a solution of the appropriate alcohol, quincoridine, quin- 

corine or 5-hexen-1-ol, (8.97 mmol) in dry toluene (56 mL) 4- 

nitrophenyl chloroformate (1.8 g, 9.06 mmol) was added portion- 

wise. A precipitate was quickly formed after addition of the chlo- 

roformate. To complete the reaction, it was stirred at room tem- 

perature for 16 hours. The precipitate was collected by filtration 

and washed with n -hexane (3 × 20 mL). The solid residue was 

dried under vacuum at room temperature for 16 hours. The de- 

sired product was used directly for the next step without further 

purification because of limited stability. 

(2R,4S,5R)-2-[(4-Nitrophenyloxycarbonyl)oxy]methyl)-5- 

vinylquinuclidin-1-ium chloride ( 1 ) 

Starting from quincoridine (1.5 g, 8.97 mmol) and 4-nitrophenyl 

chloroformate (1.8 g, 9.06 mmol) following the general procedure 

A , the desired product 1 was obtained as white solid (3.02 g, yield 

91 %). 

(2S,4S,5R)-2-([(4-Nitrophenoxycarbonyl)oxy]methyl)-5- 

vinylquinuclidin-1-ium chloride ( 2 ) 

Starting from quincorine (1.5 g, 8.97 mmol) and 4-nitrophenyl 

chloroformate (1.8 g, 9.06 mmol) following the general procedure 

A , the desired product 2 was obtained as white solid (3.74 g, yield 

100 %). 

Hex-5-en-1-yl (4-nitrophenyl) carbonate ( 3 ) 

Triethylamine (Et 3 N) (5.4 mL, 38.85 mmol) was added to a so- 

lution of hex-5-en-1-ol (1.3 g, 12.95 mmol) in dry DCM (45 mL). 

Afterwards, the mixture was cooled to 0 °C and 4-nitrophenyl chlo- 

roformate (2.9 g, 14.24 mmol) was added in one portion. The re- 

action was stirred at room temperature for 16 hours. Then, the 

reaction mixture was directly used for the next step without any 

purification step. An aliquot, however, was purified for characteri- 

zation. For this purpose, the reaction was diluted with DCM and it 

was washed with aqueous 10% citric acid (3 × 20 mL) and aqueous 

saturated NaHCO 3 (3 × 20 mL). The organic phase was dried over 

Na 2 SO 4 , filtered and concentrated under reduced pressure. The de- 

sired product 3 was obtained as yellowish oil (3.46 g, 40% yield) 

and it was used directly for the next step. 1 H-NMR (CDCl 3 , 400 

MHz) δ 1.46-1.62 (m, 3H), 1.76-1.84 (m, 2H), 2.06-2.17 (m, 2H), 4.32 

(t, J t = 6.8 Hz, 1H), 4.96-5.08 (m, 2H), 5.78-5.88 (m, 1H), 7.40 (d, 

J d = 9.2 Hz, 2H), 8.30 (d, J d = 9.2 Hz, 2H). 

General Procedure (B) for the synthesis of carbamate derivatives 

4 - 9 (selectors of QCDRR ( 4 ), QCISS ( 5 ), QCDTAU ( 6 ), QCITAU ( 7 ), SS- 

ACHSA ( 8 ) and TAU ( 9 )) : 

To a finely ground suspension of the appropriate 2-amino-1- 

sulfonic acid (5.96 mmol) in dry DCM (100 mL), BSA (4.4 mL, 17.88 

mmol) was added dropwise. Then the mixture was stirred and 

heated to reflux (42 °C) for 48 hours. After this time, the reaction 

was cooled to room temperature and the appropriate carbonate 

derivative ( 1 - 3 ) (2.20 g, 5.96 mmol) was added portionwise. Stir- 

ring of the reaction was continued for 16 hours at room tempera- 

ture. Then the mixture was cooled to room temperature, quenched 

with MeOH (3 mL) and stirred for a few more minutes. The reac- 

tion was filtered in order to eliminate unreacted free amino sul- 

fonic acid. The organic phase was concentrated under vacuum and 

the crude product was purified through further work up. 

In detail, for compounds 4 - 7 , the main impurity, 4-nitrophenol, 

was removed by liquid-liquid extraction with basified water (satu- 

rated solution of NaHCO 3 , pH 8) and ethyl acetate. Then, the aque- 

ous phase, which was produced after extraction with ethyl acetate, 

was firstly acidified with HCl (3 mol/L) (pH adjusted to approx. 

5/6), concentrated under vacuum and co-evaporated several times 
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Table 1

Elemental analysis data and selector coverages of the new mixed-mode stationary phases.

Chromatographic ligand (selector) Class C(%) H(%) N(%) S(%) Coverage (μmol/g)

QN WAX 8.85 1.34 0.69 2.07 236

QCITAU ZWIX 8.35 1.73 0.68 2.37 236

QCDTAU ZWIX 8.03 1.69 0.61 2.35 211

QCISS ZWIX 8.61 1.77 0.55 2.36 190

QCDRR ZWIX 8.96 1.80 0.6 2.41 208

SS-ACHSA SCX 5.81 1.32 0.32 2.50 199

TAU SCX 5.63 1.41 0.23 2.71 146

Mean (of all SPs) 204

Standard deviation 31

with ethanol (note, the product turned out to be too polar to be 

extracted from water with organic solvents; possibly salting out 

with ammonium or sodium sulfate could improve extraction yields 

but was not tested in this work). The product was then solubilized 

in DCM/MeOH. After that, it was filtered in order to eliminate in- 

organic salts and concentrated under vacuum. Finally, the product 

was dried under vacuum at room temperature over the weekend. 

For compounds 8 and 9 , flash chromatography on RP phase 

(C18-modified silica, mobile phase methanol/water) was employed 

for further purification and removal of 4-nitrophenol. 

2.4. Immobilization of the ligands on thiol-modified silica particles 

Typically 2.0 g of the thiol-modified silica gel were suspended 

in MeOH (8 mL), degassed and added to a solution of the 

chiral selector (0.3 mmol/g of silica, except for WAX-type QN 

phase 0.25 mmol/g) in MeOH (4 mL) under nitrogen. Then, azo- 

bis(isobutyronitrile) (AIBN 4 mM, 8 mg) was added to the mix- 

ture and it was heated to reflux (66 °C) for 7 hours under nitrogen 

with mechanical stirring. The modified silica was isolated by filtra- 

tion (glass filter funnel porosity 4) and washed with hot methanol 

(4 × 3 mL). It was dried in the vacuum oven at 65 °C for 24 hours. 

The modified silica gels were subjected to elemental analysis and 

the results are given in Table 1 . 

The modified silica gels were finally slurry packed into stainless 

steel columns (150 × 3 mm ID). 

2.5. ζ -Potentials 

pH-Dependent ζ -potential determinations were carried out 

with a suspension of 0.2 mg/mL particles in 10 mM KCl solu- 

tions containing 1 mM of the following buffers: formic acid/sodium 

formate, acetic acid/sodium acetate, histidine (titrated with HCl 

to pH), tris/tris-HCl, boric acid/sodium borate. The dip cell was 

thermostated to 25 °C. All measurements were performed in trip- 

licates. The Von Smoluchowski equation (Supplementary, Equ. S1) 

was used for the calculation of the ζ -potentials. 

2.6. Determination of effective electrophoretic mobilities by CE 

The effective mobility of the analytes was determined by cap- 

illary electrophoresis using a Hewlett Packard 3D Capillary Elec- 

trophoresis system (Agilent, Waldbronn, Germany) at different pH 

values. The background electrolytes were the same as described 

above for the ζ -potential measurements (10 mM KCl in 1 mM 

buffer solutions). Thiourea was used as EOF marker. Experiments 

were carried out in positive mode, applying a voltage of 15 kV, 

or in negative mode, applying a voltage of -10kV, respectively, us- 

ing a bare fused-silica capillary (ID 50 μm) of 50.5 cm total length 

and 42.0 effective length. The temperature was adjusted to 20 °C 

and detection was carried out at 210 nm for all analytes except 

for SS-ACHSA. For experiments with SS-ACHSA 0.5 mM sodium p - 

toluenesulfonate was added to the buffer systems and SS-ACHSA 

was detected by indirect UV detection at 200 nm (Ref. 235 nm). 

Hydrodynamic injection was performed by applying 50 mbar for 5 

s. Preconditioning was done by flushing the capillary with 0.1 M

NaOH for 2 min, followed by MilliQ water for 2 min and finally

with the respective buffer for 3 min prior to each run. Postcondi- 

tioning was done by flushing the capillary for 3 min with MilliQ 

water at the end of each run. 

2.7. Molecular modelling methods 

The Maestro 12.1 graphical interface of the Schrödinger Suite 

2019-3 (Schrödinger, LLC, New York, NY) was used. As reported 

in the previous work [47] a cubic box was built with a 30 Å 

side length. For a realistic reproduction of the stationary phase 

environment, four 3-mercaptopropyl-functionalized silanols (~1.97 

mol m −2 ), eight free silanols (~8.0 mol m −2 ) and forty-five sil- 

icon atoms were considered for each grafted selector (SO) unit 

(~0.5 mol m −2 ), at the base of the box. All the silicon atoms and 

their bonded hydrogen atoms in the base layer were set frozen 

during the molecular dynamics. The box was solvated with wa- 

ter. The three simulations with the three CSP systems were per- 

formed in the canonical ensemble at 298 K. The temperature in the 

simulation cell was maintained constant through use of a Nosé- 

Hoover thermostat [4 8,4 9] . All the other parameters in the sim- 

ulation study were left to default values in the Desmond Molec- 

ular Dynamics System (version 5.9, Schrödinger, LLC, New York, 

NY) present in the Schrödinger Suite 2019-3 [50] . A production run 

produced 30 0 0 frames during the 1 μs dynamics, with an integra- 

tion time of 2 fs. All the conformations of the three simulated SOs, 

namely ZWIX( + ), QCISS and QCITAU, were extracted by each frame 

and used to calculate different molecular properties. In particular, 

intramolecular salt-bridges (SB) and H-bonds (HB) were counted 

for each conformation analyzed, together with the relative confor- 

mational energy of the SO (SELF-SO, obtained subtracting the en- 

ergy minima recorded along the trajectory by the energy of the 

frame, in kcal mol −1 ), and the Polar Surface Area (PSA, in Å 2 ). The 

latter surface descriptor was calculated by the QikProp package 

(version 6.1, Schrödinger, LLC, New York, NY, 2019). A k-mean clus- 

tering protocol using KNIME 4.0 software (KNIME, Konstanz, Ger- 

many) was used on three numeric matrices containing the frame 

number, the SELF-SO and the distance measured between the sul- 

fur atom of the sulfonic acid group and the nitrogen of the quinu- 

clidinium moiety of each frame. Five clusters were set and plotted 

as a bubble graph. 

3. Results and discussion

3.1. Design, synthesis of ligands and immobilization by thiol-ene click 

reaction 

The design of the new WAX-type, SCX-type and ZWIX-type 

MMC ligands is outlined in Fig. 1 . It was based on the fragmenta- 

tion of the Chiralpak ZWIX( + ) (quinine-derived; 1S,3R,4S,8S,9R ) and 

ZWIX(-) (quinidine-derived; 1S,3R,4S,8R,9S ) selectors [44] . Leav- 

ing out the 2-sulfocyclohexyl residue of ZWIX( + ) along with 
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its carbamate moiety yielded a WAX-type ligand and quinine- 

based stationary phase, respectively. Its chiral separation capabil- 

ity was already described previously [45,46,51] . Replacement of 

the 2-sulfocyclohexyl moiety of ZWIX( + ) by a tert -butyl carbamate 

residue gave the WAX-type ligand which is part of the commer- 

cial chiral stationary phase Chiralpak QN-AX and served as ref- 

erence material in some of the following studies. ZWIX( + ) and 

ZWIX(-) have a bulky, hydrophobic methoxyquinoline ring. Upon 

its removal, ligands retaining their zwitterionic nature, thus termed 

RP/ZWIX-type, were obtained. They have been synthesized from ei- 

ther quincorine (QCI) or quincoridine (QCD) (with configurations as 

in quinine and quinidine, respectively, but one stereogenic center 

less; see experimental section for specification of absolute configu- 

rations). WAX-type quincorine-derived ligands have been proposed 

as chemoaffinity type stationary phases for plasmid DNA isoform 

and topoisomer separations [52] . Through this structural change 

the resultant RP/ZWIX selectors, QCISS and QCDRR, lose their π- π- 

interaction capabilities and further a steric barrier which may sig- 

nificantly influence their conformational flexibility. By replacement 

of the 2-sulfocyclohexyl residue by a 2-sulfoethyl residue, taurine- 

derived zwitterionic RP/ZWIX-type MMC materials, termed QCI- 

TAU and QCDTAU, were obtained having four carbons less. Taurine- 

analogs of Chiralpak ZWIX have been reported by Lindner and 

coworkers as zwitterionic chiral stationary phases [44] . Taurine- 

derivatized polyaspartamide-modified silica is a commercial SCX- 

type stationary phase (Polysulfoethyl A) [53] frequently used as 

first dimension separation material in 2-dimensional peptide sep- 

arations. In order to further explore the influence of the quinu- 

clidine moiety of the QCI/QCD-derived RP/ZWIX phases on reten- 

tion profiles and MMC behavior, respectively, it was replaced by 5- 

hexen-1-ol as O -carbamate residue resulting in SCX-type MMC lig- 

ands (SS-ACHSA and TAU) ( Fig. 1 ). The synthesis of these RP/ZWIX 

and RP/SCX MMC ligands followed the procedures reported by 

Hoffmann et al. for ZWIX( + ) and ZWIX(-) [44] . Reaction schemes 

can be found in the suppl. material and detailed protocols for lig- 

and synthesis in the experimental part. 

All new MMC selectors were immobilized on 3-mercaptopropyl- 

modified silica ( Fig. 1 ) following a well-established procedure 

which allows adjustment of dedicated selector coverages, whereby 

herein a ligand coverage of 200 μmol/g was targeted. Thiol-ene 

click reaction using thermal initiation and azobis(isobutyronitrile) 

(AIBN) as radical initiator was employed (see Experimental for de- 

tails). In general, 68 ±16% of the ligand added to the reaction mix- 

ture was bonded to the thiol silica, as confirmed through ele- 

mental analysis. The detailed results of the elemental analysis and 

the calculated selector coverages are given in Table 1 . It can be 

seen that all ligand coverages are in a comparable range (204 ±31 

μmol/g; mean and standard deviation over all distinct phases listed 

in Table 1 ). 

3.2. ζ -Potentials 

In mixed-mode chromatography, the surface charge of the chro- 

matographic particles under employed conditions plays a decisive 

role for the separation of charged compounds. It can be conve- 

niently characterized by pH-dependent ζ -potential determinations 

using electrophoretic light scattering measurements as recently 

proposed [16,26,54–57] . Particles with charged surface suspended 

in electrolyte solutions (e.g. buffered mobile phases) build up an 

electrical double layer which consists of a uniform layer of counter- 

ions (Stern layer) followed by a heterogeneous layer of mixed ionic 

species at the surface. In this diffusive layer counterions are en- 

riched as compared to the solution surrounding the solvated par- 

ticle in which the ions are in equilibrium like in the employed 

background electrolyte solution. If an electric field is applied, the 

charged particles will start moving in the solution and a shear 

plane is formed on the solvated particle. The potential at this slip- 

ping plane is defined as the ζ -potential [58–60] and can be used to 
characterize the surface charge of the particles in presence of the 

given electrolyte solution. The particle radius of the investigated 

MMC materials is large compared to the thickness of the double 

layer, which can be characterized by the Debye length (1/ κ), i.e. 
κr >> 1. For such cases, the Smoluchowski model for calculation 

of the ζ -potentials (see Suppl. Material chapter 2 for more details) 

is considered valid under the assumption that complications aris- 

ing from particle porosity, surface conductance and surface rough- 

ness are negligible under the employed conditions. Since ionizable 

groups on the surface can change their dissociation state under dif- 

ferent chromatographic conditions, determination of ζ -potentials 
over a wide pH-range typically employed in LC is most meaning- 

ful and was performed between pH 3.5 and 9.5 with 1 mM buffers 

in 10 mM KCl to keep ionic strength constant during all measure- 

ments. The results are depicted in Fig. 2 . 

The WAX-type QN and QN-AX phases behave quite similarly 

in terms of their ζ -potentials ( Fig. 2 a). They showed positive ζ - 
potentials at low pH values due to the presence of the tertiary 

amine of the quinuclidine ring (pK a (QN/QN-AX) = 8.91/8.43, pK a 
(QN/QN-AX) of quinoline = 4.06/4.08 as calculated with Marvin 

Sketch 14.12.15.0). In general, ζ -potentials of these WAX-type ma- 

terials remained positive up to pH 7.5 and turned negative due to 

the dominating influence of residual silanols at pH above 8. 

The introduction of the sulfonic acid moiety (pK a = -0.97, cal- 

culated with Marvin Sketch) of the 2-sulfocyclohexyl residue in 

ZWIX( + ) and ZWIX(-) resulted in a significant negative offset of 

the ζ -potentials of around -30 to -50 mV thus adopting nega- 

tive values over the entire pH range. It indicates a negative sur- 

face charge and demonstrates that it is mainly dominated by the 

fully dissociated sulfonic acid moiety. This is in line with former 

publications on zwitterionic stationary phases for HILIC, such as 

ZIC-HILIC [61] , which have shown that these materials are cation- 

exchangers under low ionic strength conditions, i.e. at salt levels 

below 20 mM [62] . This observation has been often ascribed to 

the proximity of the anionic group (the sulfonate) of the ligand on 

the surface while the cationic moiety is shielded in the interior on 

these stationary phases. However, inversion of the cationic and an- 

ionic groups of the ligand, e.g. in ZIC-cHILIC did not lead to surface 

charge reversal; ZIC-cHILIC still exhibits negative ζ potential, albeit 

not as extreme as that of ZIC-HILIC [63,64] . Fragmentation of the 

ZWIX selector was supposed to give additional insight. 

Thus, Fig. 2 b compares all the QCI/QCD-derived RP/ZWIX 

phases with Chiralpak ZWIX( + ) and ZWIX(-). By eliminating the 

quinoline ring of ZWIX( + ) and ZWIX(-), respectively, furnishing 

quincorine- (QCI) and quincoridine-derived (QCD) MMC phases 

with 2-sulfocyclohexyl residue (QCISS and QCDRR) a significant 

positive shift in ζ -potentials of around + 15 to + 20 mM was ob- 

served yielding positive values in the pH range < 5. Above pH 5 

the surface charge changed its sign and was still negative indicat- 

ing that there is a pH-dependent charge reversal at mild condi- 

tions easily possible in these materials. Upon replacement of the 2- 

sulfocyclohexyl residue by a 2-sulfoethyl group furnishing QCITAU 

and QCDTAU a further but smaller positive shift of the ζ -potentials 
of around 5 to 15 mV was found. For the quincorine-derived 

taurine-based QCITAU, relatively stable ζ -potentials of around + 20 

mV were obtained in the pH range between 3.5 and 6.5. The ζ - 
potential of this material turned negative only above pH 7. Overall, 

it appears that group contributions are largely additive but there 

are some interesting delicate group effects which are not simple 

to explain. For instance, the absence or presence of the quino- 

line ring does not explain the large shift between ZWIX( + )/ZWIX(-) 

and QCI/QCD phases. It is hypothesized that due to the quinoline 

ring conformational freedom of the ZWIX selectors is constrained 

which presents this selector in an extended open conformation ex- 
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Fig. 2. ζ -Potentials determined in dependence of pH. (a) Cationic selectors (QN,

QN-AX) in comparison to ZWIX( + ), ZWIX (-) and supporting silica as well as thiol- 

modified silica, (b) all zwitterionic selectors in comparison, (c) anionic ligands in

comparison to ZWIX( + ). 

posing the sulfonate moiety towards the outer surface of the par- 

ticles and the positively charged quinuclidinium ring closer to the 

interior i.e. silica surface. Since 1:1 intramolecular ion-pair forma- 

tion is not easily possible in this ligand due to constrained con- 

formations, the surface is net negatively charged from the dom- 

inating effect of the surface sulfonate (SCX). On the other hand, 

absence of the quinoline ring gives the QCI- and QCD-derivative 

much larger conformational flexibility. This should enable much 

better intramolecular charge saturation by intramolecular ion-pair 

formation. Consequently, the sulfonate moiety gets less exposed to 

the surface leading to less negative or even positive ζ -potentials. 
The effect seems to be more pronounced in the corresponding 

QCI/QCD-TAU ligands in which the sulfonic acid side chain is less 

constrained compared to the sulfocyclohexyl side chain, thus fa- 

vorable for intramolecular ion-pair formation and charge compen- 

sation. 

Fig. 2 c depicts the ζ -potentials of SCX-type MMC materials in 

comparison to ZWIX( + ). The SCX-type MMC phases SS-ACHSA and 

TAU have a stable negative ζ -potential of around -40 mV over the 

entire pH range. On the contrary, the weak anion exchange moi- 

ety of ZWIX( + ) has a modulating effect which depends on the pH 

owing to its weakly basic quinuclidine group that changes its dis- 

sociation state over the investigated pH range. 

Notably, the ζ -potentials (around pH 5) agree relatively well 

with the LSER d- terms recently measured by SFC on the same 

set of columns [65] which validates that the above presented ζ - 
potential measurements are representative also for the employed 

chromatographic situations. In general, the currently investigated 

MMC stationary phases differ not only in surface hydrophilic- 

ity/hydrophobicity but also in surface charge. Thus, a set of new 

mixed-mode ion-exchangers becomes available which will allow 

a fine tuning of separations due to their slightly distinct surface 

charge character. 

3.3. Net charge of zwitterionic selectors as measured by 

electrophoresis 

To deconvolute the contribution of silica and of surface effects 

(selective ion accumulation effects on the surface) from the net 

charge of the chromatographic ligands, electrophoretic measure- 

ments of the ligands attached to thiol silica were performed in 

free solution by CE using the same background electrolyte (BGE) 

as for ζ -potential determinations. Fig. 3 a shows the results of the 

determination of effective electrophoretic mobilities of the ligands 

in dependence on the pH of the BGE. The cationic ligands QN and 

QN-AX exhibit positive mobilities over the entire pH range (ex- 

cept for QN-AX at pH 9.5). The lower mobilities of QN-AX (with its 

tert -butylcarbamoyl residue) can be explained by a larger hydrody- 

namic radius. On the other hand, the anionic ligand SS -ACHSA has 

stable negative mobilities over the entire investigated pH-range, as 

expected. The ZWIX ligands possess positive mobilities in the pH 

range 3.5 to 4.5, negative mobilities in the pH range 7.5 to 9.5 

and migrate with the electroosmotic flow (EOF) between pH 5.5 

and 6.5. QCISS and QCITAU migrate with the EOF over the entire 

pH-range ( Fig. 3 a). These results seem to disprove that the excess 

negative charge of the ZWIX phases revealed by above ζ -potential 
measurements is due to excess negative charge on the zwitterionic 

selectors. 

The question then arises why differences in the ζ -potentials 
are observed between ZWIX( + ), QCISS and QCITAU in spite of 

their same number and type of ionizable groups (always quin- 

uclidinium and sulfonate) in the same bonding distance (always 

same 7 atom spacer between N + and sulfonate), respectively. A 

concept worth considering is the chaotropic effect. It is known 

that the elution order in ion chromatography is from least to most 

chaotropic, i.e. chaotropes give stronger electrostatic interactions 

than kosmotropes [30] . Alpert has pointed out [66] that chaotropic 

ions are less well hydrated than are kosmotropic ions. This cor- 

relates with the strength of ionic interactions. This phenomenon 

also accounts for the worse retention of chaotropes in HILIC [30] . 

Chaotropic and kosmotropic effects are well described for inorganic 

ions but unfortunately our understanding of such lyotropic and sol- 

vation effects is not very well developed for organic molecules. 

It is therefore difficult to apply to the current situation but may 

play a role. Another effect, however, may be invoked as well. Ma- 

terials with zwitterionic functional groups lose their ion-exchange 

capacity when the mobile phase contains a sufficiently high con- 

centration of salt. The mechanism is that the concentration of po- 
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Fig. 3. Effective electrophoretic mobilities of ligands in free solution by CE using

the same electrolytes as for ζ–potential measurements in Fig. 2 . (a) Effective mo- 

bilities at 10 mM KCl in 1 mM buffer, (b) selected ligands and their change in effec- 

tive mobilities with ionic strength at pH 6.5, (c) effect of ionic strength on effective

mobilities of ZWIX( + ) at three different pH-values (3.5, 6.5 and 9.5). 

tential counterions is high enough to titrate the charged groups of 

the bonding. Distinct ionic functionalities may be differently sol- 

vated and may have different affinities for counterions [30] . Pavel 

Nesterenko claimed in his work on ion chromatography media that 

cationic groups (amines) are titrated at significantly lower concen- 

trations of salt than are anionic groups [38] . In fact, this would ac- 

count for the net negative potential exhibited at low salt concen- 

trations by both ZIC-HILIC, ZIC-cHILIC and related media such as 

current ZWIX materials; the amine groups (here quinuclidinium) 

are titrated by their counterions at lower salt concentrations than 

are the acidic groups (here, sulfonates). The low salt concentrations 

that is used herein for ζ -potential measurements would tend to 

accentuate this disparity. It is conceivable that the difference be- 

tween ZWIX, QCISS and QCITAU can be explained in these terms 

notwithstanding the structural elements (quinuclidinium and sul- 

fonate) being the same, just due to distinct solvation effects orig- 

inating from different neighbor moieties. A disparity in polarity 

(and hydration) between the taurine ligand in QCITAU and the cy- 

clohexylsulfonate ligand in QCISS could lead to the effect that they 

are titrated at different concentrations of counterions. Therefore, 

their charge potentials would differ at low concentrations of salt. 

However, it may be argued that if this is the case it should be vis- 

ible by electrophoretic mobilities as well which were performed 

under the same conditions. Obviously, this is not the case, as can 

be seen from Fig 3 a, i.e. the curve for ZWIX selectors; unlike ζ - 
potentials of the modified particles, effective mobilities of the mere 

ligands do not exhibit a negative sign over the entire pH range. 

In order to have a deeper look into the ion titration effect, elec- 

trophoretic mobilities were measured at distinct ionic strengths 

( Fig. 3 b and 3 c). A convenient way to test for the ion titration ef- 

fect, i.e. the change in effective charge with ionic strength, is to ap- 

ply the Debye-Hückel-Onsager (DHO) limiting law of conductance 

and its transformation into mobilities [67] . In a simplified form it 

is written as a function of the ionic strength according to ( Eq. 1 ) 

μact,i = μ0 ,i − A
√ 
I (1) 

wherein A is the Onsager slope, I the ionic strength, μact,i and μ0,i 
are the actual and absolute electrophoretic mobilities at actual and 

zero ionic strength. For sake of simplicity, we report ionic strength 

effects for effective mobilities μeff which are related to μact,i by 

Eq. 2 

μe f f = 

∑ n 
k =1 c k · μact,i · z k 

c 
(2) 

Wherein, for a compound with n ionic forms, c k , z i and c are 

the concentration and charge number of the kth ionic species and 

c the total concentration of the compound. Mobilities depend on 

the ion-solvent interactions which determine the size of the sol- 

vated ions and thus the Stokes radii for frictional resistance. They 

further depend, amongst other things, on ion-ion interactions be- 

tween analyte ion and ionic species of the BGE which reduce the 

mobility in solutions with finite ionic strength relative to the lim- 

iting case at infinite dilution. These ion–ion interactions were ini- 

tially described by the theory of Debye, Hückel and Onsager, based 

on the model of the ion cloud with the introduction of elec- 

trophoretic and relaxation effects (see Eq. 1 ). It was recently re- 

ported that the Onsager slope A of mobility vs 
√ 
I is linearly corre- 

lated with the solute charge. Herein, we use this relationship to 

get an idea whether the cationic site (quinuclidine) and anionic 

site (sulfonate) are titrated to different extents. The absolute val- 

ues of effective mobilities at zero ionic strength depend on sol- 

vation effects and hydrodynamic radius and are not suitable pa- 

rameters for such a comparison. However, the slope of the simpli- 

fied Onsager Eq. 1 at pH 6.5 for individual selector moieties (QN 

and SS-ACHSA) might give some indication for this effect (note, in 

the zwitterionic ZWIX( + ) selector the two contributions cancel out 

each other completely, giving 0 effective mobilities). K + and Cl −

have about the same hydrodynamic radius (K + 1.25 Å and Cl − 1.20 

Å, [68] ) and same charge number; they should therefore be equiv- 

alent in strength for titrating respective counterions. The graphical 

results are given in Fig. 3 b for pH 6.5. It can be seen that the ion- 

ion titration effect as revealed by the Onsager slope is stronger for 

the sulfonate compound ( SS -ACHSA) than the quinuclidinium com- 

pound (QN), which does not support the idea that ammonium ions 

are titrated at lower concentrations than anions. The same trend is 

seen for the ZWIX( + ) selector in Fig. 3 c for different pH values (pH 
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3.5 and 9.5) which again shows that the ZWIX selector in its an- 

ionic form is stronger affected by titration with counterions than 

in its cationic form at pH 3.5. Unfortunately, the relevant zwitteri- 

onic selectors (ZWIX, QCISS, QCITAU) do not show any mobility at 

pH 6.5 (i.e. the opposite charges fully compensate each other) and 

therefore a direct proof of the counterion tirtration effect in zwit- 

terionic selectors is not possible by this method. However, it can 

be concluded that other factors could play a role as well. 

3.4. Molecular modeling 

The distinct surface charges of the zwitterionic phases under 

investigation, as measured by ζ -potentials, cannot be sufficiently 

explained by the immobilized functional groups alone and above 

considerations. Molecular modeling was therefore selected to sup- 

port the hypothesis raised above that conformational differences 

and intramolecular ion-pairing are responsible for distinct surface 

net charges. In particular, molecular dynamics (MD) calculations 

were performed for three selectors: ZWIX( + ), QCISS, QCITAU. 

From the MDs, 30 0 0 frames were extracted for each selector 

and individually analyzed counting the intramolecular salt-bridges 

(SB) and H-bonds (HB) present in that specific conformation, to- 

gether with its PSA (polar surface area). The HB and SB mea- 

surement results are reported in a bar graph in Suppl. Material. 

From Suppl. Fig S19 it is possible to note that the sum of the in- 

tramolecular interactions (HB + SB) is larger for QCITAU (793) than 

ZWIX( + ) (733), which in turn is larger than for QCISS (713). Com- 

paring the exposed polar surface area of the selectors may give 

some idea about the compactness of the chromatographic ligand. 

Indeed, the mean polar surface area (PSA) is 142 ( ±2.9) Å 2 for 

ZWIX( + ), 125.3 ( ±3.7) Å 2 for QCISS and 130.4 ( ±3.4) Å 2 for QCI- 

TAU. In general, QCITAU displays a high number of intramolecular 

interactions (HB + SB) and a quite low PSA exposed. On the other 

hand, QCISS has similar HB + SB value compared to ZWIX( + ), but a 

lower PSA exposed. However, these data do not fully explain the 

trends in surface charge shown in Fig. 2 . 

For this reason, a different analysis was performed. Each of the 

three series of 30 0 0 molecules, one for each SO trajectory, were 

clustered (k-mean) into 5 groups according to the frame relative 

conformational energies (SELF-SO) and the distance measured be- 

tween the sulfur atom of the sulfonic acid group and the nitrogen 

of the quinuclidinium moiety. The results are shown in Fig. 4 . 

Fig. 4 a shows a scatter plot of the measured distance versus 

the relative conformational energies (calculated with Schrödinger 

Suite) in the form of a bubble graph (note, in particular, we used 

a utility aiming at the analysis of MD trajectories called Simu- 

lation Event Analysis that can monitor energies and interactions 

along time. Relative values were created by subtracting the min- 

imum energy recorded for the examined selector from the val- 

ues of all the frames). The size of the bubbles represents the 

cluster population. It can be seen that QCITAU and QCISS be- 

have similarly, while ZWIX( + ) shows significantly different pro- 

file. ZWIX( + ) reveals exclusively conformers embedded by a long 

sulphur-nitrogen distance ( > 6.0 Å), indicating the presence of a 

Fig. 4. Results of MD calculations of ZWIX( + ), QCISS and QCITAU selectors: (a) Intramolecular distances between S of sulfonic acid and N of quinuclidinium moiety measured 

for the 30 0 0 frames and grouped into 5 clusters, (b) exemplary conformer of the lowest energy cluster of ZWIX( + ), (c) of QCISS and (d) of QCITAU. 
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very weak intramolecular electrostatic interaction. On the other 

hand, both QCITAU and QCISS exhibit favorable low energy clusters 

with short distance conformers (~4 Å between S and N) which is 

indicative for a strong intramolecular ion-pairing. The main differ- 

ence that can be seen between QCITAU and QCISS clusters is that 

QCITAU displays barycenters characterized by 3-4 kcal/mol lower 

conformational energy distribution compared to that of QCISS. 

This outcome could indicate that, on average, conformers display- 

ing short sulphur-nitrogen distances are energetically more stable 

(see Fig. 4 a). Figures 4 b-d illustrate the energy minima conformer 

for each selector, ZWIX( + ) ( Fig. 4 b), QCISS ( Fig. 4 c) and QCITAU 

( Fig. 4 d). Overall, these results support to some extent the above 

raised hypothesis that more favorable intramolecular ion-pairing 

may lead to less negative surface charge of the zwitterionic selec- 

tors by shielding the sulfonic acid group intramolecularly. 

While this remains an unproven hypothesis, it may be worth 

to be considered as hypothesis for explanation of the ζ–potential 
differences of the distinct zwitterionic phases. In general, the set 

of data presented herein always explains some but not all effects 

observed. 

Overall, three possible explanations have been presented: i) dif- 

ferential solvation and titration of cations and anions by respective 

counterions, ii) surface effects such as specific ion gradients due 

to more complex double layers, and iii) intramolecular charge neu- 

tralization by intramolecular ion-pairing to a characteristic extent 

when the conformational flexibility and solvation is altered by dif- 

ferent structural elements due to other neighboring effects. Yet, fi- 

nally it remains open which one is responsible for the observed 

ζ -potential shifts within the series of congeneric zwitterionic ma- 

terials or whether all partially contribute to it. 

3.5. Chromatographic characterization 

Simple test mixtures were injected in RP and HILIC elution 

mode to examine the multimodal applicability of the new MMC 

phases for i) RP-type separations, ii) HILIC utility, and iii) ion- 

exchange properties. The results will be mainly discussed in the 

form of chromatographic parameters of binary analyte combina- 

tions. 

The surface lipophilicity and capability of the MMC phases to 

serve for LC separations based on lipophilicity differences of an- 

alytes in RP elution mode can be well expressed by the separa- 

tion factors of an analyte pair differing by a methylene increment. 

Thus, butylbenzene (BuB) and pentylbenzene (PeB) were part of an 

RP test mixture along with two acids with different lipophilicity 

(DETP and BocProPhe). In general, α(CH 2 ) values of the new MMC 

phases ranged between 1.33 for the TAU RP/SCX phase and 1.47 

for the QN RP/WAX phase. Thus, it can be concluded that the cur- 

rent MMC phases have moderate hydrophobicities and methylene 

selectivities as compared to RP phases (e.g. α(CH 2 ) of the polar 

RP phase Synergi Fusion RP is 1.79 [25] ). On the other hand, this 

is characteristic for mixed-mode phases, being indicative of their 

hydrophilicity-lipophilicity balance, which makes them applicable 

in both RP and HILIC elution modes ( vide infra ). Exemplary chro- 

matograms are given for QCITAU, QCISS and QN in Fig. 5 which 

documents that separations of analytes that differ just by a methy- 

lene increment are still feasible on these MMC phases. Peaks 3 

and 4 are butyl- and pentylbenzenes; their retention and methy- 

lene selectivities increase in the order QCITAU < QCISS < QN. Also, 

the two acids elute in the order of their lipophilicity (DETP 1 < 

BocProPhe 2). However, as far as the anion-exchange capacity of 

the distinct MMC phases is concerned, there are significant dif- 

ferences. The general retentivity of the acids and anion-exchange 

capacity follows the same order as described for the ζ -potentials 
( vide supra ): QN > QCITAU > QCISS ( Fig. 5 ). The significantly higher 

anion-exchange retention increment of the QCITAU vs QCISS is re- 

Fig. 5. Chromatographic characterization: Reversed-phase elution mode. Mobile

Phase: a mixture of ACN and H 2 O (40:60, v/v), containing 50 mmol acetic acid in 1

L mobile phase, apparent pH 6, adjusted with ammonia in the polar organic mix- 

ture; Flow rate: 0.5 mL/min, 25 °C, 0.8 mg/mL of each analyte (1. DETP, 2. BocProPhe,

3. BuB, 4.PeB), injection volume: 5 μL, 220 nm

markable as these two MMC phases differ just in a tetramethylene 

bridge which gives the former more conformational flexibility, ob- 

viously with some significant effect on net surface charge. 

The HILIC applicability was characterized by a test mixture 

consisting of toluene (1) , caffeine (2) , theobromine (3), theo- 

phylline (4), 2-deoxyuridine (5), 5-methyluridine (6) and uridine 

(7) [69] ( Fig. 6 ). In the chromatograms of Fig. 6 it can be seen

that all of the tested new MMC phases can well baseline-resolve

the peak pair uridine (7) and 2-deoxyuridine (5) indicating a good

hydroxy group selectivity for all of them. The methyl group selec- 

tivity in HILIC significantly varied between the distinct phases. It 

was for instance better on QCDTAU than on QCDRR (both ZWIX- 

type MMC), TAU (SCX-type) and QN (WAX-type). Overall, QCDTAU 

showed the best separation in HILIC for this test mixture with a 

baseline separation of all seven peaks. 

These results confirm the multimodal applicability of the cur- 

rent MMC phases in RP and HILIC elution modes. The chromato- 

graphic efficiencies of these mixed-mode ion-exchangers are, how- 

ever, slightly lower than those of corresponding RP particles due 

to a slow adsorption-desorption kinetics (significant C-term from 

slow adsorption-desorption rate constants), in particular for ionic 

analytes. This is in line with the general characteristics in terms of 

chromatographic efficiencies of ion-exchange processes. 

3.6. Benchmarking study 

The final question that was addressed in our study was re- 

lated to the relative chromatographic characteristics compared to 

formerly described commercial and non-commercial mixed-mode 

phases as well as in comparison to popular HILIC phases. 

The results are first discussed based on simple binary plots 

of chromatographic parameters [70] . Fig. 7 depicts a plot of sur- 

face acidity (as probed by the separation factor between theo- 

bromine, Tb, and theophylline, Tp) versus surface hydrophilicity as 

measured by the retention factor of uridine (both measured un- 

der HILIC conditions). Theophylline is weakly acidic while both 
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Fig. 6. Chromatographic characterization: HILIC elution mode. Mobile Phase: 90 %

(v) ACN / 10% (v) aqueous 20 mM NH 4 Ac (pH 4.7) solution, flow rate: 0.21 mL/min

(linear flow velocity: 0.66 mm/s ∗), T == 30 °C, injection volume: 2 μL, λ = 254 nm, 1.

Toluene (1 μL/mL), 2. Caffeine, 3. Theobromine, 4. Theophylline, 5. 2’-Deoxyuridine,

6. 5-Methyluridine, 7. Uridine (0.1 μg/mL), dissolved in ACN:H 2 O (90:10; v/v). 
∗[69]

theophylline and theobromine are dimethylxanthines with com- 

parable hydrophilicity. If the surface is acidic, then Tp is less re- 

tained due to electrostatic repulsion effects. Again here it becomes 

evident that the quincorine- and quincoridine-based zwitterionic 

mixed-mode phases are less acidic than ZWIX( + ) and ZWIX(-), as 

the points for QCITAU (16), QCDRR (17), QCISS (18) and QCDTAU 

(20) are placed lower on the y-scale of this acidity vs. hydrophilic- 

ity plot than ZWIX(-) (33) and ZWIX( + ) (34) (see Fig. 7 ). On the

other hand, it is worthwhile mentioning that the latter are still less

acidic than the popular zwitterionic sulfobetaine based ZIC-HILIC

phase (1 and 2 in Figure 7 ).

Fig. 8 shows a plot of the methylene selectivity (from RP elu- 

tion mode) indicating phase hydrophobicity against the retention 

factor of uridine (from HILIC) denoting the hydrophilicity of the 

stationary phase surface. Four clusters can be assigned: i) Clus- 

ter I: The commercial HILIC phases ZIC-HILIC, TSKgel Amide-80, 

Polysulfoethyl A and the amino phase Luna NH 2 show strong re- 

tention of uridine but low methylene selectivity in RP due to 

their high hydrophilicity. ii) Cluster II: Chromolith Si and Bioba- 

sic AX are both hydrophilic as indicated by their low methy- 

lene selectivity. However, they show at the same time modest 

retention for uridine in HILIC mode. iii) Cluster III: A series of 

WAX-type mixed-mode phases all exhibit relatively high methy- 

lene increments (around 1.5 to 1.6) but are widely spread on 

the k (uridine) scale (hydrophilicity scale) in HILIC. The Acclaim 

Mixed-mode WAX-1 phase and a non-commercial N -undecenyl-3- 

aminoquinuclidine based RP/WAX phase (WAX AQ360) [25] also 

reveal reasonable retention for uridine and thus good HILIC behav- 

ior. They were even outperformed in terms of HILIC behavior by a 

similar N -undecenyl-2-dimethylaminoethylamide-bonded RP/WAX 

phase (WAX DMAE) [25] . iv) Cluster IV: The current zwitterionic 

MMC phases cluster together at low k (uridine) and intermediate 

levels of methylene selectivity. It demonstrates that these phases 

are not the best choice for HILIC separations of neutral compounds 

Fig. 7. Comparative visualization of acidic and basic surface properties of the tested stationary phases using the example of the selectivity of theobromine and theophylline

( α(Tb/Tp) against their surface hydrophilicity measured on the retention of uridine ( k (uridine). Chromatographic test conditions can be found in Supplemental Material (3.1)

in accordance to ref. [25] . 1. ZIC-HILIC (5μm); 2. ZIC-HILIC (3.5 μm); 3. Nucleodur HILIC (3 μm); 4 TSKgel Amide-80 (5 μm); 5. TSKgel Amide-80 (3 μm); 6. XBridge Amide

(3.5 μm); 7. PolySULFOETHYL A (3 μm); 8. PolyHYDROXYETHYL A (3 μm); 9. CYCLOBOND I (5 μm); 10. LiChrospher Diol (5 μm); 11. Chromolith Si; 12. HALO HILIC (2.7 μm);

13. COSMOSIL HILIC (5 μm); 14. Sugar-D (5 μm); 15. NH2-MS (5 μm); 16. QCITAU (3 μm), 17. QCDRR (3 μm); 18. QCISS (3 μm), 19. QN (3 μm), 20. QCDTAU (3 μm), 26.

Chiralpak QN-AX, 33. ZWIX(-) (3 μm), 34. ZWIX( + ) (3 μm); 35. TAU (3 μm); 36. SS-ACHSA (3 μm) Surface chemistries of other stationary phases are depicted in Suppl. Fig.

S17 and S18.
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Fig. 8. Characterization of hydrophilic and hydrophobic surface properties (hydrophilic-lipophilic balance, HLB) based on the retention factor of uridine ( k (uridine) and the

methylene selectivity ( α(PeB/BuB) of selected stationary phases. Chromatographic test conditions were as stated in Figure 5 for methylene selectivity ( α(PeB/BuB)) and

Figure 6 ( k (uridine) in accordance to ref. [25] and can be found in the Supplemental Material sub-chapter 3.1. 1. ZIC-HILIC (5μm); 4 TSKgel Amide-80 (5 μm); 7. Poly-

SULFOETHYL (3 μm); 11. Chromolith Si; 16. QCITAU (3 μm), 17. QCDRR (3 μm); 18. QCISS (3μm), 19. QN (3μm), 20. QCDTAU (3 μm), 21. Acclaim Mixed Mode WAX-1; 23.

Primesep B2; 24. Obelisc R; 25. Obelisc N; 26. Chiralpak QN-AX, 27. Luna NH2; 28. BioBasic AX; 30. WAX AQ360; 31. WAX DMAE; 32. WAX BAMQO 33. ZWIX (-) (3μm), 34.

ZWIX ( + ) (3 μm); 35. TAU (3μm); 36. SS-ACHSA (3 μm). Surface chemistries of stationary phases can be found in the Supplemental Material Suppl. Fig. S17 and S18. 

Fig. 9. Chromatographic categorization of the surface charge properties of the investigated mixed-mode columns: Anion-exchange as measured by log k for nicotinic acid

and cation-exchange as determined by log k of thiamine. Conditions and stationary phase chemistries can be found in the Supplemental Material Chapter 3.1 (analysis of

vitamins). Labels (numbers) as defined in Fig. 6 and 7 .

but may be quite useful for HILIC separations of charged (anionic, 

cationic and zwitterionic) analytes. They still show potential for 

RP-type separations of both neutral and ionic analytes. 

This is underpinned by Fig. 9 which shows a plot of log k of 

nicotinic acid (mostly retained due to anion exchange retention) 

vs log k of thiamine (mainly due to cation exchange) under HILIC 

conditions. WAX-type QN phase has pronounced anion-exchange 

capacity while SCX-type TAU and ACHSA are classified as cation- 

exchangers as expected. The zwitterionic mixed-mode phases of 

this work are in the middle of a diagonal line between the SCX- 

type and WAX-type phases. They have moderate anion and moder- 

ate cation exchange capacity. The ZWIX(-) phase is shifted on the 
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Fig. 10. Benchmarking study by principal component analysis (PCA): Score plot of first two principal components. Chromatographic conditions and evaluated stationary

phases can be found in the Supplementary Material.

cation exchange scale to larger values, indicating again its stronger 

acidic character as compared to the quincorine- and quincoridine- 

derived zwitterionic MMC phases. Furthermore, it is striking that 

there is a slight shift to higher cation-exchange character when 

the quincorine (QCI) moiety in the zwitterionic MMC phases is ex- 

changed for the quincoridine moiety (QCD) ( Fig 9 ). 

Last but not least, a principal component analysis (PCA) was 

performed to classify the columns along with commercial RP, HILIC 

and mixed-mode phases. Retention factors of the chromatographic 

test mixture of the RP test ( Fig 5 ), of nucleosides from a HILIC 

test, purines in HILIC mode, and vitamins in HILIC mode as factors 

(variables) were subjected to PCA. The score plot of the first two 

principal components PC1 and PC2 is shown in Fig. 10 . PC1 and 

PC2 explain 51.1% and 18.3 % of the variance in the data, both to- 

gether 69.4%. Columns with similar retention behavior are located 

on this score plot in close proximity. The more different the reten- 

tion behavior, the greater is the distance from each other. In this 

particular case, the PC1 axis is a descriptor of the hydrophilicity, 

the PC2 axis represents the effective charge of the modified sil- 

ica particles. Stationary phases with polar surfaces can be found at 

high PC1 values (e.g. HILIC phases like Luna NH 2 , ZIC-HILIC, Poly- 

sulfoethyl A, PC-HILIC and TSKGel Amide-80). On the opposite end 

of the PC1 axis, stationary phases with a predominantly apolar sur- 

face are found, like the polar RP phase Synergi Fusion-RP or the 

mixed-mode phase Uptisphere 5 MM3 which is an RP phase with 

quaternary ammonium endcapping. Mixed-mode phases such as 

Primesep B2, Obelisc R and N, including the current zwitterionic 

MMC phases, are located in the middle of the PC1 axis, indicative 

of their hydrophilicity-lipophilicity balance (see Fig. 10 ). The PC2 

axis, in contrast, primarily quantifies the effective char ge state of 

the surface of the stationary phases. Mixed-mode anion exchange 

columns like Acclaim Mixed Mode WAX-1 are found at high PC2 

values and net negatively charged phases like PC-HILIC at low (i.e. 

negative) PC2 values. The current mixed-mode phases are aligned 

on PC2 in accordance to the ζ -potentials measured at around pH 

7.5. The WAX-type QN phase has the highest score, then the WAX- 

type QN-AX, followed by the zwitterionic quincorine and quincori- 

dine MMC phases (QCITAU, QCDTAU, QCDRR, QCISS). ZWIX( + ) and 

ZWIX(-) are already on the negative scale i.e. they have acidic ex- 

cess on the surface. SCX-type SS-ACHSA and TAU have the lowest 

score on PC2 and thus the most acidic character, as expected. 

It can be concluded that PCA is a useful tool to characterize 

and classify stationary phases. It confirms what was discussed be- 

fore by ζ -potentials and binary chromatographic plots. The new set 

of MMC stationary phases span a reasonably wide surface charac- 

ter and represent a useful supplement to the toolbox of stationary 

phases. To document their utility in practical applications will be 

the topic of future works. 

4. Conclusions

A series of new silica-based stationary phases for mixed mode 

chromatography have been synthesized in this study. They were 

obtained by a fragment-based design through incremental frag- 

mentation of the chromatographic ligand of the commercial chiral 

columns Chiralpak ZWIX( + ) and ZWIX(-). These chiral stationary 

phases consist of a zwitterionic chromatographic ligand and show 

MMC behaviour. They exhibit utility for achiral separations with 

selectivity orthogonal to that of RP and HILIC phases. The removal 

of certain structural elements of these zwitterionic selectors has 

led to RP/ZWIX, RP/WAX and RP/SCX-type MMC phases with mod- 

ulated surface charge and hydrophilicity/lipophilicity. They showed 

sufficient methylene selectivity under RP elution conditions for RP- 

type separations as well as enough retention for neutral polar com- 

pounds under HILIC conditions to allow for multimodal applica- 

bility. Besides, the RP/ZWIX phases possess both moderate anion- 

and cation-exchange capacity with low retentivity which could be 

advantageous in practical applications especially under mild elu- 
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tion conditions such as those required for ESI-MS detection. Their 

practical utility is currently being elucidated and will be reported 

elsewhere. 
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PART I: Overview of prepared stationary phases 

Scheme S1. Selector structures of this work with removed parts indicated in light 

grey. Blue frame means configurations derived from quinidine and red frame 

configurations derived from quinine. 
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PART II:  Synthesis of mixed-mode stationary phases and their 
characterization 

Fig. S1. Synthesis of (2S,4S,5R)-2-((((4-nitrophenoxy)carbonyl)oxy)methyl)-5-

vinylquinuclidin-1-ium chloride QCI carbonate. Reagents and conditions: (a) 

Toluene, r.t., 16h. 

Fig. S2. Synthesis of (2S,4S,5R)-2-((((2-sulfoethyl)carbamoyl)oxy)methyl)-5-

vinylquinuclidin-1-ium (QCITAU). Reagents and conditions: (a) CH2Cl2, BSA, reflux 

48h. then (b)  CH2Cl2, r.t., 16h. 

Fig. S3. Synthesis of (2R,4S,5R)-2-((((4-nitrophenyl)carbamoyl)oxy)methyl)-5-

vinylquinuclidin-1-ium chloride QCD carbonate. Reagents and conditions: (a) 

Toluene, r.t., 16h. 
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Fig. S4. Synthesis of (2R,4S,5R)-2-((((2-sulfoethyl)carbamoyl)oxy)methyl)-5-

vinylquinuclidin-1-ium chloride (QCDTAU). Reagents and conditions: (a) CH2Cl2, 

BSA, reflux 48h. then (b) CH2Cl2, r.t., 16h. 

Fig. S5. Synthesis of (2R,4S,5R)-2-(((((1R,2R)-2-sulfocyclohexyl)carbamoyl)-
oxy)methyl)-5-vinylquinuclidin-1-ium chloride (RRQCD). Reagents and conditions: 
(a) CH2Cl2, BSA, reflux 48h, then (b) CH2Cl2, r.t., 16h.
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Fig. S6. Synthesis of (2S,4S,5R)-2-(((((1S,2S)-2-sulfocyclohexyl)carbamoyl)-

oxy)methyl)-5-vinylquinuclidin-1-ium (SSQCI). Reagents and conditions: (a) 

CH2Cl2, BSA, reflux 48h, then (b) CH2Cl2, r.t., 16h. 

Fig. S7. 3D-alignment using MarvinSketch 14.12.15.0 of new derivative with hexen-

5-ol chain and the quinuclidine precursor.
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Fig. S8. Synthesis of hex-5-en-1-yl (4-nitrophenyl) carbonate. Reagents and 

conditions: (a) CH2Cl2, Et3N, 0°C then r.t., 16h. 

Fig. S9. Synthesis of 2-(((hex-5-en-1-yloxy) carbonyl) amino)ethane-1-sulfonic acid 

(HEXTAU) , Reagent and conditions: (a) CH2Cl2, BSA, reflux 48h, then (b) CH2Cl2, 

r.t., 16h.

Fig. S10. Synthesis of (1R,2R)-2-(((hex-5-en-1-yloxy)carbonyl)amino)cyclo-

hexane-1-sulfonic acid (HEXRR). Reagents and conditions: (a) CH2Cl2, BSA, reflux 

48h, then (b)CH2Cl2, r.t., 16h. 
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PART III:  Detailed characterization of the synthesized selectors 

Synthesis control by MS analysis 

The chromatographic separation for the structure elucidation was performed on a 

Kinetex C18, 50 x 2.1 mm, 2.7 µm column (Phenomenex, Torrance, CA, USA). The 

measurement was carried out with 0.1% FA in acetonitrile and water with the 

following gradient profiles. The gradient, which was used for structure elucidation 

via UHPLC-QTOF-MS/MS (Agilent 1290 UHPLC instrument coupled to Triple TOF 

5600+ from Sciex with CTC Pal autosampler), started at 5% B and increased to 

95% B in 4.0 min and to 99% B in additional 0.5 min, followed by re-equilibration 

with 5% B for 1.5 min. The electrospray (ESI) settings were chosen as follows: 

curtain gas (CUR): 30, Ion Source Gas 1 (GS 1): 50 and Ion Source Gas 2 (GS 2): 

40, IonSpray Voltage Floating (ISVF) 4500 and temperature was 500 °C. The QTOF 

was operated in negative mode and the m/z range 30 to 2000 was scanned. The 

TOF experiment had an accumulation time of 100 ms and was combined with 20 

TOF MS2 experiments using information dependent acquisition (IDA) leading to a 

period cycle time of 551 ms. 

Data S1. (2R,4S,5R)-2-{[(((1R,2R)-1-Sulfocyclohexyl)carbamoyl)oxy]methyl}-5-vinylqui-

nuclidin-1-ium chloride (QCDRR, 4)  

Starting from RR-ACHSA (1.07 g, 5.96 mmol) and 1 (2.20 g, 5.96 mmol) following 

the general procedure B, the title compound 4 was obtained as yellowish oil (2.7 g, 

yield 90%).  

Specific rotation: + 15.77 (10 mg/mL in MeOH) 

1H-NMR (CD3OD, 400 MHz): δ 1.24-1.37 (m, 3H), 1.49-1.64 (m, 3H), 1.78-1.80 (m, 

2H), 1.89-1.92 (m, 2H), 2.03-2.11 (m, 4H), 2.35 (d, Jd = 13.6 Hz, 1H), 2.56 (td, Jt = 

12.4 Hz, Jd = 4.0 Hz, 1H) 2.82 (q, Jq = 8 Hz, 1H), 3.36-3.39 (m, 3H), 3.50-3.54 (m, 

1H), 3.81.3.85 (m, 2H), 5.23-5.29 (m, 2H), 5.91-6.00 (m, 1H) ppm. 

13C-NMR (CD3OD, 100.6 MHz): δ 20.94, 22.90, 24.41, 24.91, 26.28, 27.41, 33.49, 

36.56, 45.03, 50.50, 56.71, 59.31, 60.64, 63.14, 116.16, 136.71, 155.43 ppm.  
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HRMS (ESI-QTOF, negative mode): m/z calcd for C17H27N2O5S [M-H]-, 371.1641; 

found, 371.1630; HRMS (ESI-QTOF, positive mode): m/z calcd for C17H29N2O5S 

[M+H]+, 373.1797; found, 373.1814 

Data S2. (2S,4S,5R)-2-{[(((1S,2S)-1-Sulfocyclohexyl)carbamoyl)oxy]methyl}-5-

vinylquinuclidin-1-ium (QCISS, 5)  

Starting from SS-ACHSA (1.07 g, 5.96 mmol) and 2 (2.20 g, 5.96 mmol) following 

the general procedure B, the title compound 5 was obtained as yellowish oil (2.3 g, 

yield 90%).  

Specific rotation: + 20.00 (10 mg/mL in MeOH) 

1H-NMR (CD3OD, 400 MHz): δ 1.28-1.41 (m, 4H), 1.45-1.57 (m, 1H), 1.78-1.80 (m, 

2H), 1.89-1.91 (m, 2H), 1.97-1.99 (m, 2H), 2.08-2.11 (m, 1H), 2.15-2.24 (m, 1H), 

2.33-2.37 (m, 1H), 2.56 (td, Jt = 10.8 Hz, Jd = 4 Hz, 1H), 2.80-2.87 (m, 1H), 3.14-

3.22 (m, 1H), 3.28-3.30 (m, 1H), 3.58-3.65 (m, 3H), 3.81-3.92 (m, 2H), 5.24-5.31 

(m, 2H), 5.93-6.00 (m, 1H) ppm.  

13C-NMR (CD3OD, 100.6 MHz): δ 21.17, 23.45, 24.42, 24.92, 26.16, 27.42, 33.53, 

36.70, 40.72, 50.53, 52.67, 56.75, 61.27, 63.13, 115.94, 137.70, 155.15 ppm.  

HRMS (ESI-QTOF, negative mode): m/z calcd for C17H27N2O5S [M-H]-, 371.1641; 

found, 371.1619; HRMS (ESI-QTOF, positive mode): m/z calcd for C17H29N2O5S 

[M+H]+, 373.1797; found, 373.1795 

Data S3. (2R,4S,5R)-2-{[((2-Sulfoethyl)carbamoyl)oxy]methyl}-5-vinylquinuclidin-

1-ium chloride (QCDTAU, 6)

Starting from taurine (0.746 g, 5.96 mmol) and 1 (2.20 g, 5.96 mmol) following the 

general procedure B, the desired product 6 was obtained as yellowish oil (2.25 g, 

yield 90%).  

Specific rotation: + 29.7 (10 mg/mL in MeOH) 

1H-NMR (CD3OD, 400 MHz): δ 1.60-1.67 (m, 1H), 2.01-2.11 (m, 4H), 2.81-2.84 (m, 

1H), 2.91 (t, Jt = 5.20 Hz, 1H), 2.97-3.01 (m, 1H), 3.36-3.54 (m, 4H), 3.65-3.85 (m, 

2H), 4.16-4.47 (m, 2H), 5.22-5.29 (m, 3H), 5.91-6.00 (m, 1H) ppm.  
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13C-NMR (CD3OD, 100.6 MHz): δ 21.03, 22.89, 26.31, 36.64, 36.92, 51.13, 56.73, 

59.32, 60.76,´61.12, 116.49, 136.64 ppm.  

HRMS (ESI-QTOF, negative mode): m/z calcd for C13H21N2O5S [M-H]-, 317.1171; 

found, 317.1165; HRMS (ESI-QTOF, positive mode): m/z calcd for C13H23N2O5S 

[M+H]+, 319.1328; found, 319.1321 

Data S4. (2S,4S,5R)-2-{[((2-Sulfoethyl)carbamoyl)oxy]methyl}-5-vinylquinuclidin-

1-ium (QCITAU, 7)

Starting from taurine (0.746 g, 5.96 mmol) and 2 (2.20 g, 5.96 mmol) following the 

general procedure B, the desired product 7 was obtained as a yellowish oil (1.73 g, 

yield 90%).  

Specific rotation: + 6.77 (10 mg/mL in MeOH) 

1H-NMR (CD3OD, 400 MHz): δ 1.31-1.44 (m, 1H), 2.00 (m, 2H) 2.06-2.25 (m, 2H), 

2.88 (m, 1H), 2.92 (t, Jt = 4 Hz, 1H), 3.00 (t, Jt = 8 Hz, 1H), 3.22-3.28 (m, 2H) 3.54-

3.69 (m, 4H), 3.74-3.85 (m, 1H), 4.22-4.39 (m, 2H), 5.26 (t, Jt = 12 Hz, 2H), 5.94-

6.03 (m, 1H) ppm.  

13C-NMR (CD3OD, 100.6 MHz): δ 21.26, 23.44, 26.10, 36.71, 36.91, 49.85, 51.12, 

52.71, 56.61, 61.46, 116.05, 137.60 ppm.  

HRMS (ESI-QTOF, negative mode): m/z calcd for C13H21N2O5S [M-H]-, 317.1171; 

found, 317.1169; HRMS (ESI-QTOF, positive mode): m/z calcd for C13H23N2O5S 

[M+H]+, 319.1328; found, 319.1309 

Data S5. (1S,2S)-2-{[(Hex-5-en-1-yloxy)carbonyl]amino}cyclohexane-1-sulfonic 

acid (SS-ACHSA, 8)  

Starting from SS-ACHSA (1.00 g, 5.58 mmol) and 3 (2.05 g, 7.76 mmol) following 

the general procedure B, the title compound 8 was obtained as yellowish oil (0.4 g, 

yield 40%).  

1H-NMR (CD3OD, 400,MHz): δ=8.24 (bp,OH), 5.81 (m,5H), 4.95 (dd,2H), 3.99 

(d,2H), 3.32 (m,1H), 2.36 (m,1H), 2.10 (m,2H), 1.83 (m,2H), 1.65 (m,2H), 1.51 

(m,2H), 1.51 (m,2H), 1.51 (m,2H), 1.35 (m,2H) ppm 
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13C-NMR (CD3OD, 400,MHz):δ=164.39, 140.11, 115.35, 63.98, 51.25, 49.25, 

46.51, 36.62, 33.19, 28.60, 25.12, 25.09, 22.87 ppm 

HRMS (ESI-QTOF, negative mode): m/z calcd for C13H22NO5S [M-H]-, 304.1219; 

found, 304.1225 

Data S6. 2-{[(Hex-5-en-1-yloxy)carbonyl]amino}ethane-1-sulfonic acid (TAU, 9) 

Starting from taurine (1.30 g, 10.10 mmol) and 3 (2.05 g, 7.76 mmol) following the 

general procedure B, the title compound 9 was obtained as yellowish oil (0.25 g, 

yield 20 %). 

1H-NMR (DMSO-d6, 400 MHz): δ 9.24 (bp, OH), 6.56 (bp, NH), 5.78 (m, 5H), 4.90 

(dd, 2H), 3.90 (t, 3H), 3.25 (m, 2H), 2.58 (m, 2H), 2.047 (m, 2H), 1.53 (m, 2H), 1.37 

(m, 2H) ppm. 

13C-NMR (DMSO-d6, 100MHz): δ 164.43, 138.94, 115.37, 63.79, 51.08, 46.22, 

37.62, 28.60, 25.09 ppm. 

HRMS (ESI-QTOF, negative mode): m/z calcd for C9H16NO5S [M-H]-, 250.0749; 

found, 250.0742 
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PART IV:  Synthesis of modified silica 

Fig. S11. Synthesis scheme for the immobilization of the selectors. 

Fig. S12. Thiol-ene-click reaction to obtain immobilized derivatives. Reagents and 

conditions: a) MeOH, AIBN, reflux, 7h. 

Fig. S13. Thiol-ene-click reaction to obtain immobilized derivative (QN3, QN5). 

Reagents and conditions: a) MeOH, AIBN, reflux, 7h. 

Fig. S14. Thiol-ene-click reaction to obtain immobilized derivative. Reagents and 

conditions: a) MeOH, AIBN, reflux, 7h. 
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PART V:  Characterization of modified silica gels by FTIR-
spectroscopy 

Fig. S15. FTIR spectra of the two RP/ZWIX MMC phases QCISS (black) and 

QCDRR (red). The IR-band at 1731 cm-1 is the C=O stretching vibration of the 

carbamate group and indicates successful immobilization of the corresponding 

zwitterionic ligands. 
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Fig. S16. FTIR spectra of the two RP/ZWIX MMC phases QCITAU (blue) and 

QCDTAU (red) as well as of the WAX-type QN phase (black). The IR-band at 

1731 cm-1 is the C=O stretching vibration of the carbamate group and indicates 

successful immobilization of the corresponding zwitterionic ligands while this band 

is absent for QN which has no carbamate group. The band at 1624 cm-1 of the 

QN material indicates the C=C stretching vibration of the quinoline ring which is 

absent in the zwitterionic QCITAU and QCDTAU. 
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PART VI:  ζ-Potential determination 

Equation 1. Helmholtz-Smoluchowski equation. 

끫뺂ࡱ = ࡯ ࣁࣀ∙࢘ࢿ∙૙ࢿ  

µE: mobility of a particle εR: relative permittivity ε0: permittivity of vacuum 

C: The constant C becomes 2/3 for κr<0.1 (κ, Debye parameter; κ-1, Debye length) (Hückel 
approximation) and 1 for κr>100 (Smoluchowski approximation). 

η: viscosity 

PART VII: Chromatographic characterization under HILIC and RP 
conditions for column classification 

Material and methods 

The stationary phases which were included in the test set for the evaluation of the 

chromatographic properties comprised all stationary phases depicted in Fig S2. 

The RP-HPLC separations were carried out using a mobile phase consisting of 

ACN/H2O (2:3, v/v) and 0.29 % acetic acid (Ctot = 50 mM). The apparent pH value 

was adjusted to 6 with ammonia in the polar organic mixture. The mobile phases of 

the HILIC measurements consisted as follows: The organic modifier ACN was 

mixed with water in the ratio 95:5 (v/v) for the analysis of xanthines and 90:10 (v/v) 

for the nucleosides and vitamins, containing ammonium acetate (5 mM referred to 

the total volume) as buffer. The pH was not adjusted and remained at approximately 

8 in the polar organic mixture. The mobile phase was used for dissolving the 

analytes. For the RP test the concentration was 0.8 mg mL-1 (injection volume 5 µL) 

and for the HILIC tests 1.0 mg mL-1 (injection volume 2 µL). The flow rate was 1.7 

mm s-1 at 25°C. The detection wavelength was 220 nm. The void volume was 

determined with uracil (RP) and toluene (HILIC). 
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Fig. S17. Surface structure of investigated a) RP, b) mixed mode and c) HILIC 

stationary phases which were chromatographically evaluated for the principal 

component analysis. 
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Fig. S18. Surface structures of investigated non-commercial RP/WAX mixed 

mode phases.
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VII. CHAPTER THREE

Thiol-ene photo-click immobilization of a chiral 
chromatographic ligand on silica particles 
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a b s t r a c t 

This work reports procedures for the immobilization of vinyl ligands on silica particles by UV-initiated

thiol-ene radical addition reaction (photo-click immobilization). tert –Butylcarbamoyl quinine was the

functional ligand (ene component) for the synthesis of chiral stationary phases. Two distinct surface

chemistries were evaluated. In one approach, the ligand was directly attached to 3-mercaptopropyl-silica

triggered by radicals generated by UV irradiation from a photoinitiator. In another approach, the ligand

was immobilized onto vinyl silica via poly(3-mercaptopropyl-methylsiloxane) (PMPMS) as crosslinker by

a photoinitiated double click reaction in which functionalization with chiral ligand and crosslinking to

vinylsilica occurred simultaneously in one synthesis step. PMPMS-bonded CSPs were prepared from sus- 

pension (slurry method) or solventless after coating of the polythiol onto the vinylsilica surface (film

method). Optimization by a design of experiment approach showed that the reaction time is the prime

variable to optimize the surface coverage of chiral selector which also increased with PMPMS concen- 

tration. When the film formation of the latter approach was assisted by a minute volume of toluene

during photo-click immobilization, selector coverage could be significantly increased to 0.73 μmol/m 2 in 

a 2 h synthesis compared to 0.44 μmol/m 2 by the solventless film method and 0.47 μmol/m 2 by the 

slurry method under otherwise comparable conditions. The solvent assistance improved the chromato- 

graphic efficiency of the film method and resulted equal minimal reduced plate height of 2.6 as the

slurry method for a chiral probe (Fmoc-Phe). The mass transfer resistance was around factor 2 smaller

with the solvent-assisted film method as compared to the film approach without toluene, presumably

due to a more homogenous distribution of the thin polymer film owing to lower dynamic viscosity in

presence of toluene.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Immobilization of chromatographic ligands on silica surfaces al- 

lows flexible tailoring of the selectivity of stationary phases for var- 

ious HPLC applications. Simple, well controllable and quantitative 

reactions are favourable for this purpose. Thiol-ene and thiol–yne 

click chemistries raised significant interest for this purpose [1,2] . 

The gain in popularity of thiol click reactions in the past decade 

was somehow stimulated by the enormous popularity of Huisgen 

azide–yne 1,3-dipolar cycloaddition. What its application for the 

immobilization of chromatographic ligands is concerned, thiol click 

reactions are not a new chemistry. It has already been utilized 

in the late 1980s and beginning of 1990s for the immobilization 

of chiral selectors with vinyl groups to thiol-modified silica gels 

[3–6] . Known as radical addition reaction they were typically per- 

∗ Corresponding author.

E-mail address: michael.laemmerhofer@uni-tuebingen.de (M. Lämmerhofer).

formed by using 2,2 ′ -azobis(2-methylpropionitrile) (AIBN) as radi- 

cal initiator and thermal initiation of the addition reaction. It has 

been widely exploited for the synthesis of stationary phases for 

chiral separation, reversed-phase type, ion-exchange type, mixed- 

mode stationary phases, hydrophilic interaction liquid chromatog- 

raphy (HILIC) and ionic-liquid stationary phases [7–19] . This immo- 

bilization strategy was also extended to thiol–yne addition reaction 

[1,20,21] . 

Instead of thermal initiation of the addition reaction, UV ini- 

tiated thiol-ene and thiol–yne reactions have attracted some at- 

tention. These photo-initiated variants have been exploited for in- 

stance in sensor sciences to modify surfaces because it allows 

convenient, spatially controlled micropatterning [22–24] . Thiol-ene 

photopolymerization has become quite popular for preparation 

of polysilsesquioxane (POSS)-based monolithic capillary columns 

in UV-transparent fused-silica capillaries [25–30] . It is a straight- 

forward approach to obtain a functionalized monolithic capillary 

column in a single step within a few minutes with dedicated 

https://doi.org/10.1016/j.chroma.2020.461133

0021-9673/© 2020 Elsevier B.V. All rights reserved.
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surface chemistry through incorporation of a functional monomer 

and tailored macropore structure via porogenic solvents. Besides 

these straightforward and simple single step approaches, function- 

alized monolithic capillary columns have also been prepared via 

two-step photo-initiated reactions in which a reactive POSS-based 

monolith was formed in the first step which was functionalized 

e.g. by photo-initiated thiol–yne click reaction e.g. for reversed- 

phase (RP) and strong cation-exchange (SCX) [31] or for boronate

affinity chromatography [32] . While photo-initiated click addition

or polymerization reaction were quite popular for the preparation

of monolithic capillary columns, this reaction type was rarely used

for particle functionalization. Yet, a recent study used photo-click

reaction for the synthesis of functional silanes which were subse- 

quently immobilized to silica particles by a conventional silaniza- 

tion reaction [33] . A direct photo-initiated thiol-ene or thiol–yne

immobilization of chromatographic ligands on silica has not been

reported.

In this study, we present the results of such a direct photo- 

click immobilization of a chromatographic ligand. The chiral se- 

lector tert –butylcarbamoylquinine (tBuCQN) which carries a vinyl 

group serves as a model ene component for immobilizing lig- 

ands on thiol-silica via photoinitiated click addition reaction. Thiol- 

ene and thiol–yne addition reactions were classified as click reac- 

tions because these chemical transformations proceed with high 

yields under mild reaction conditions, can tolerate water and oxy- 

gen (although oxygen may consume some radicals and oxidize 

the thiol component to disulfide), are adoptable for a wide range 

of starting materials, selectively react with each other (almost) 

without side reactions, and reactions can be performed in water 

or various organic solvents [34] . 3-Mercaptopropyl-modified silica 

(brush-type) and poly(3-mercaptopropyl-methylsiloxane) (PMPMS), 

respectively, represented the thiol component whereby the latter 

was crosslinked to vinyl-modified silica during the photoclick reac- 

tion. A number of distinct synthesis approaches ( Fig. 1 ) were com- 

pared to each other with regard to selector coverages and chro- 

matographic performances. Synthesis conditions were systemati- 

cally optimized with regard to reaction time, educt concentrations 

in the reaction mixture and type of initiation. 

2. Experimental

2.1. Materials 

Spherical silica particles Kromasil 5 μm, 200 Å (200 m 2 /g) 

and 100 Å (300 m 2 /g), were supplied by Eka Chemicals (Bohus, 

Sweden). The chiral selector tert –butylcarbamoylquinine (tBuCQN) 

was synthesized as described elsewhere [35,36] . 2,2-Dimethoxy- 

2-phenylacetophenone (DMPA) and 4-dimethylaminopyridine

(DMAP) were obtained from Sigma Aldrich (Munich, Germany).

Vinyltrimethoxysilane, 3-mercaptopropylmethyldimethoxysilane

and poly(3-mercaptopropyl)methylsiloxane (PMPMS, homopoly- 

mer, [102783-03-9], viscosity 75–150 cSt.) were supplied by 

ABCR Chemicals (Karlsruhe, Germany). Test compounds N -[(9H- 

fluoren -9- ylmethoxy ) carbonyl ]-phenylalanine (Fmoc-Phe), N -acetyl- 

phenylalanine (Ac-Phe), N -carbobenzoxy-phenylalanine (Z-Phe) 

and 2-(2,4-dichlorphenoxy)propanoic acid (dichlorprop) were 

obtained by Sigma Aldrich or synthesized in-house according to 

ref. [37,38] . Empty stainless steel columns (all with a dimension of 

50 × 3 mm) were supplied by Bischoff Chromatography (Leonberg, 

Germany). 

2.2. Instrumentation 

The chromatographic experiments were conducted on an Agi- 

lent 1290 Infinity series liquid chromatographic system from Ag- 

ilent Technologies (Waldbronn, Germany). The system consisted 

of a binary pump, a thermostatted column compartment (TCC), a 

diode array detector (DAD) and an autosampler. To obtain a min- 

imal extra-column volume and minimize extra-column peak dis- 

persion, the system was equipped with an ultralow dispersion kit. 

This included a Max-Light ultralow dispersion cartridge flow cell 

(inner volume 0.6 μL) and an ultralow dispersion needle seat as- 

sembly (1 μL injected). MarvelX capillaries from Idex Corporation 

(Lake Forest, Illinois, USA) were installed from autosampler to TCC 

(350 mm length x 0.075 mm inner diameter) and from TCC to 

DAD (250 mm x 0.075 mm). Subsequent to packing, columns were 

washed overnight with methanol at a flow rate of 0.5 mL/min. The 

Assisted

Silica surface

Selector PMPMS chain
PMPMS film 
(inhomogeneous)

PMPMS film (thin, 
homogeneous)

Silica surface Silica surface

Linker

Silica surface

(a) (b) (c) (d)

Fig. 1. Schematic overview of the employed synthesis strategies. CSP morphology on top, reaction method in the middle panel, and type of initiation of the radical addition

reaction at the bottom. Schemes of resulting tentative surface morphologies: (a) Brush-type, (b) PMPMS-bonded slurry method, (c) PMPMS-bonded film method, and (d)

PMPMS-bonded solvent-assisted film method.
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flow rate was varied between 0.015 and 2.5 mL/min for genera- 

tion of Van Deemter curves, always taking care that the maximum 

pressure of 800 bar was not exceeded. The column temperature 

was kept constant at 25 °C. With isocratic conditions, extra col- 

umn volume was determined to be 13 μL with an extra-column 

peak variance of 7 μL 2 (determination was carried out by second 

moment method with Fmoc-phenylalanine as sample, flow rate of 

0.5 mL/min, and a column temperature of 25 °C). Columns were 

slurry packed with a smartline pneumatic pump, model 1950, from 

Knauer (Berlin, Germany). Data analysis was performed by using 

ChemStation Offline Software (Rev. B.04.03 [16] , 2010) from Agi- 

lent Technologies. For data acquisition OpenLab CDS ChemStation 

Online Software (Rev. C.01.03 [37] , 2011) from Agilent Technologies 

was utilized. For systematic optimization by design of experiments 

(DoE) approach, MODDE Pro-Ver. 12.1.0.5491 from Sartorius Stedim 

(Umeå, Sweden) was used. 

2.3. Chiral stationary phase (CSP) synthesis 

2.3.1. Synthesis of vinylsilica 

18.26 g of silica particles (5 μm, pore size 200 Å) were dis- 

persed in 200 mL toluene and heated to reflux while stirring with 

a mechanical stirrer. The first 50 mL of toluene were distilled 

off to remove traces of water. Vinyltrimethoxysilane (6 μmol per 

m 2 ; 3.36 mL) and 5 mol% of the catalyst 4-dimethylaminopyridine 

were added. Before the reaction was started, the reaction flask was 

flushed with nitrogen for 10 min. Reaction took place by refluxing 

under nitrogen atmosphere for 16 h. The product was repeatedly 

washed with boiling toluene and boiling methanol, three times 

each. After drying of the vinylated silica gel, it was subjected to 

elemental analysis. Results were as follows: C: 2.19 ± 0.02 wt%, H: 

0.52 ± 0.00 wt%, N: 0.02 ± 0.00 wt%, S: 0.00 ± 0.00 wt%, corre- 

sponding to 1.82 μmol/m 2 immobilized vinyl groups (for sake of 

simplicity the initial specific surface area of the unmodified silica 

as specified by the supplier was used in all calculations). 

2.3.2. Synthesis of thiol-modified silica 

10.01 g of silica particles (5 μm, pore size 100 Å) were dispersed 

in toluene. After distilling off the water-containing azeotrope of 

toluene and water, 3-mercaptopropylmethyldimethoxysilane 

(5.5 μmol per m 2 ; 2.98 mL) and 10 mol% of 4- 

dimethylaminopyridine were added. After flushing the system 

with nitrogen for 10 min, the reaction was held under reflux 

and under nitrogen atmosphere. Reaction time was 7 h. Sub- 

sequently, the product was washed with boiling methanol and 

boiling toluene, three times each. After drying the modified silica 

gel was subjected to elemental analysis. Results were as follows: 

C: 3.85 ± 0.02 wt%, H: 0.92 ± 0.01 wt%, N: 0.00 ± 0.00 wt%, S: 

2.15 ± 0.03 wt%, corresponding to 2.23 μmol/m 2 immobilized thiol 

(related to the initial specific surface area). 

2.3.3. Photoreactions 

Film-type reactions as well as solvent assisted film-type reac- 

tions were carried out in a round bottom flask (Duran Glastechnik, 

Wertheim/Main, Germany) consisting of borosilicate glass, the vol- 

ume of the vessel was 250 mL. The reactions following the slurry 

method were carried out in a three neck flask, volume, material 

and supplier were likewise (Duran Glastechnik, Wertheim/Main, 

Germany) equipped with a mechanical stirrer and reflux con- 

denser. The glass has a negligible UV-absorption in the range from 

310 nm upwards. The UV lamp (Ultra Vitalux, 300 W, from Os- 

ram, Munich, Germany) has a radiant power of 13.6 W in the UV- 

A spectrum (315 – 400 nm) and 3.0 W in the UV-B spectrum 

(280 – 315 nm). PMPMS was only partly soluble in methanol and 

formed a homogenous emulsion in methanol. The average molec- 

ular weight of PMPMS is 40 0 0 – 70 0 0 g/mol, containing 1 active 

thiol group per monomer and a monomeric molecular weight of 

roughly 343 g/mol, resulting in 12 – 20 active thiol groups per mol. 

For the film method, a solid, thin layer on the inside of the 

round bottom flask was irradiated with UV-light. No co-solvent or 

diluent (non-solvent) was added. 

2.3.4. Photo-click immobilization of chromatographic ligand 

The distinct synthesis procedures are schematically outlined in 

Fig. 1 and can be generally divided into (PMPMS) polymer-bonded 

and brush-type phases. The thermally initiated immobilization re- 

actions were described previously, for the PMPMS-bonded station- 

ary phase in ref. [39] and for the brush-type phase in ref. [35] . 

Amongst the photo-click immobilization reactions via polythiol 

(PMPMS) polymer layer three distinct variants were evaluated: i) 

a slurry method, ii) a film method, and iii) a solvent-assisted film 

method. 

For the slurry method, 0.136 mmol tBuCQN were dissolved in 

10 mL of degassed methanol. 0.5 g of vinylated silica were added 

and the suspension was stirred with a mechanical stirrer. The sys- 

tem was flushed with nitrogen and 0.226 mmol PMPMS were 

added. After 10 min, DMPA (0.0136 mmol) was added to the re- 

action mixture and the thiol-ene click reaction was initiated by 

UV irradiation with a UV lamp (Ultra Vitalux, 300 W, from Osram, 

Munich, Germany). The UV lamp was positioned in a distance of 

15 cm to the reaction flask (angle to upright flask: 180 °). A Dim- 

roth cooler prevented loss of methanol by evaporation due to the 

heat generated by the UV lamp. The reaction mixture was exposed 

to UV light for certain reaction times as specified in Table 1 . After- 

wards, the UV lamp was switched off and the product was washed 

with boiling toluene and boiling methanol three times each. Fi- 

nally, it was dried at 60 °C overnight. 

For the (solvent-less) film method, the same quantities of re- 

actants were added to 20 mL of methanol. After dispersing the 

vinylsilica in methanol, methanol was completely removed by slow 

evaporation, resulting in a thin film of PMPMS and other reactants 

on the silica surface. Irradiation with UV light as well as washing 

was carried out the same way as described above for the slurry 

method. 

For the solvent assisted film method the synthesis procedure 

was the same as for the solvent-less film method. However, the 

reaction was performed in presence of a small amount of less 

volatile toluene. Instead of dispersing vinylsilica in methanol, it 

was dispersed in a mixture of 20 mL methanol and the amount 

of toluene as stated in Table 1 (CSPs # 21 and 22). Afterwards, 

methanol was completely removed while taking care that the 

toluene was not evaporated but remained in the reaction mixture. 

Apart from this, the synthesis protocol was the same as described 

above. 

For comparison, the tBuCQN selector was also immobilized on 

3-mercaptopropyl-modified silica yielding typical brush-type CSPs.

For this sake, the slurry method as described above was chosen

for comparison with some slight modifications. Most importantly,

vinylsilica was replaced by 3-mercaptopropylsilica and PMPMS was

omitted from the reaction mixture. Five batches were synthesized

with identical quantities of educts (tBuCQN, DMPA) in the reaction

mixture as described above for the slurry method. Reaction times

of 30, 60, 120 and 420 min were examined. The fifth synthesis

batch was carried out by thermal initiation with AIBN as radical

starter as described previously [35] .

All methods have been carried out with distinct quantities of 

reactants as specified in Table 1 along with the results of the sur- 

face coverages. 

2.3.5. Oxidation of CSP # 22 

An aliquot of CSP # 22 (1 g) was suspended in 10 mL methanol 

and 0.9 mL formic acid 99%. To this suspension, 3.4 mL performic 
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Table 1

Summary of the starting conditions and results for CSP synthesis.

Reaction conditions Results a

CSP # Reaction type Initiation

Reaction

time [min]

Initial

weight

[μmol/m 2 ]

Amount

of added

toluene

Coverage

[μmol/m 2 ] b Coverage [μmol/m 2 ] b Ratio Yield [%]

tBuCQN

Sulfur

(PMPMS)

added

toluene tBuCQN Sulfur S/SO c tBuCQN Sulfur

1 Brush-type d T 420 – – – 1.14 – – – –

2 Brush-type e UV 30 1.36 – – 0.19 ± 0.001 2.14 ± 0.010 11.16 14.0 –

3 Brush-type e UV 60 1.36 – – 0.21 ± 0.002 2.12 ± 0.039 10.05 15.4 –

4 Brush-type e UV 120 1.36 – – 0.20 ± 0.002 2.15 ± 0.018 10.68 14.7 –

5 Brush-type e UV 420 1.36 – – 0.41 ± 0.007 1.90 ± 0.065 4.64 30.1 –

6 film UV 120 1.36 2.26 – 0.44 ± 0.001 1.20 ± 0.018 2.73 32.4 53.2

7 slurry UV 120 1.36 2.26 – 0.47 ± 0.002 1.18 ± 0.030 2.51 34.6 52.2

8 film UV 60 1.36 2.26 – 0.35 ± 0.010 1.15 ± 0.055 3.31 25.6 51.1

9 slurry UV 60 1.36 2.26 – 0.29 ± 0.014 0.55 ± 0.011 1.91 21.0 24.2

10 film UV 30 1.36 2.26 – 0.34 ± 0.008 1.13 ± 0.056 3.31 25.0 50.0

11 slurry UV 30 1.36 2.26 – 0.14 ± 0.010 0.48 ± 0.008 3.33 10.6 21.3

12 film UV 60 2.72 2.26 – 0.21 ± 0.003 0.52 ± 0.058 2.48 7.7 22.9

13 film UV 60 1.36 1.70 – 0.34 ± 0.004 0.88 ± 0.047 2.59 24.9 51.6

14 film UV 60 2.72 1.70 – 0.22 ± 0.010 0.45 ± 0.009 2.10 8.1 26.5

15 film UV 60 1.36 3.40 – 0.42 ± 0.002 1.48 ± 0.055 3.55 30.6 43.5

16 film UV 60 2.72 3.40 – 0.36 ± 0.000 0.84 ± 0.014 2.34 13.1 24.6

17 slurry UV 231 1.36 2.26 – 0.20 ± 0.003 1.02 ± 0.011 5.20 14.7 45.1

18 slurry UV 388 1.36 2.26 – 0.25 ± 0.000 1.23 ± 0.021 4.93 18.4 54.4

19 film UV 376 1.36 2.26 – 0.62 ± 0.007 1.97 ± 0.078 3.18 45.6 87.2

20 film UV 706 1.36 2.26 – 0.66 ± 0.007 2.05 ± 0.020 3.11 48.5 90.7

21 solvent assisted film f UV 120 1.36 2.26 2 mL 0.61 ± 0.005 1.89 ± 0.042 3.10 44.9 83.6

22 solvent assisted film f UV 120 1.36 2.26 1 mL 0.73 ± 0.007 2.11 ± 0.192 2.89 53.7 93.4

23 film, thermal g T 120 1.36 2.26 – 0.50 1.23 2.46 36.8 54.4

24 film, thermal g T 240 1.36 2.26 – 0.55 1.39 2.53 40.4 61.5

25 film, thermal g T 480 1.36 2.26 – 0.57 1.75 3.07 41.9 77.4

a results based on elemental analysis.
b specific surface area (as stated by the manufacturer): 200 Å FPP = 200 m 2 /g, 100 ̊A = 300 m 2 /g. 
c S = sulfur, SO = selector = tBuCQN. 
d thermally initiated brush-type material on 5 μm, 120 Å FPP was used as benchmark.
e brushtype phases were synthesized on 5 μm 100 Å particles.
f solvent assisted film was carried out with additional toluene on particles.
g no standard deviation available, as the thermal CSPs were only determined once.

acid (obtained by incubation of formic acid 99% with hydrogen per- 

oxide solution 30%, 95:5 (v/v) in an ice bath for 30 min) were 

dropwise added under ice cooling and mechanical stirring. After 

6 h reaction at room temperature, the modified oxidized silica gel 

was washed with a mixture of water/methanol (50:50, v/v) until 

a neutral pH was obtained. After multiple washing steps with hot 

methanol the material was dried at 60 °C under vacuum. 

2.3.6. Column packing 

All CSPs were slurry packed with the same slurry medium 

and transport (push) solvent. As transport solvent, HPLC-grade 

methanol was used. Slurry medium for all CSPs was isopropanol 

with 10% acetic acid. Concentration was 300 mg CSP in 10 mL 

slurry medium. The pressure was kept constant at 800 bars and 

packing was performed for 1 h. 

3. Results and discussion

3.1. Synthesis procedures 

Vinyl ligands are commonly immobilized on thiol-silica by ther- 

mally initiated thiol-ene click chemistry using AIBN as radical ini- 

tiator. The reaction of tBuCQN with 3-mercaptopropyl-silica by this 

thiol-ene click immobilization leads to a brush-type CSP (CSP # 1) 

and serves as reference in this work [35,36] . The surface coverage 

with tBuCQN is typically around 1 μmol/m 2 but can be adjusted 

by the relative concentration of tBuCQN in the reaction mixture 

resulting in a controlled selector coverage [40] . 

The above reaction involves the refluxing of a suspension of sil- 

ica particles (slurry) i.e. the boiling of organic solvent over sev- 

eral hours. From this viewpoint, photoinitiation appeared attrac- 

tive as it can be performed at ambient temperature i.e. no boil- 

ing of organic solvents is needed which may be a safety argument 

in larger synthesis batches. The idea of using photo-click immobi- 

lization was partly also driven by reports that UV-initiated radical 

addition reactions may occur with short reaction times [41] . An- 

other driving force to use photoreactions may be thermal instabil- 

ity of reaction components which was, however, not the case in 

this work. For the current photoclick immobilization reaction, the 

photoinitiator represents a key component. A popular photoinitia- 

tor is DMPA ( Fig. 2 a). DMPA breaks down upon UV light irradiation 

at its absorption maximum at roughly 330 nm [42] and forms two 

radicals (namely a benzaldehyde and a (dimethoxy)methylbenzene 

radical) that can start the reaction by transferring the radical either 

to the double bond (of the functional ligand; ene component), or 

to the thiol group of the thiol reactant. Both radical products from 

the UV-triggered decomposition of DMPA can act as starting agents 

for the radical addition reaction. After photochemical formation of 

a thiyl radical, the subsequent hydrothiolation reaction on the C = C 

bond yields an intermediate carbon-centered radical with follow- 

ing chain transfer to another molecule of thiol [41] . This thiol-ene 

click reaction gives a product with an anti-Markovnikov configu- 

ration ( Fig. 2 a). Thermal and photoinitiated reactions lead to the 

same products, yet radical initiators are typically different (azo ini- 

tiators in case of thermal initiation). 

Two generally distinct chemical approaches were pursued. In 

one approach (PMPMS-bonded), the functional ligand tBuCQN was 

immobilized via a polythiol film of PMPMS on vinylsilica ( Fig. 2 b), 

similar to a procedure introduced by Zimmermann et al. with ther- 
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Fig. 2. Reaction scheme of the thiol-ene photo-click immobilization. a) UV irradiation-triggered decomposition of the radical photoinitiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) and the propagation to the target molecule. b) Reactants of the PMPMS-bonded approach (vinylized silica particles, crosslinker poly(3-

mercaptopropyl)methylsiloxane, PMPMS, functional ligand tert –butylcarbamoylquinine, tBuCQN, i.e. the chiral selector). c) Surface chemistry of the resultant PMPMS-bonded

CSPs. d) Surface structure of the brush-type CSPs.

mal initiation [43] . Evidently, the two ene components, chiral se- 

lector and vinyl groups on the silica surface, are competing for the 

thiyl radicals formed by UV irradiation from PMPMS. The reaction 

product is shown in Fig. 2 c. In the second approach a brush-type 

bonding is obtained by immobilization of the ligand tBuCQN on 

thiol-silica in a methanolic slurry. Fig. 2 d shows the structure of 

the brush-type CSP as resulting from photoinitiated thiol-ene click 

reaction (CSPs # 2 – 5) as well as in the benchmark obtained by 

thermal initiated reaction (CSP # 1). 

3.2. Brush-type CSP by photoclick immobilization 

First, brush-type photo-clicked CSPs were prepared by an ap- 

proach resembling the common synthesis procedure of thermally 

initiated brush-type CSP. Thus, a slurry of thiol-silica in methanol 

containing 1.36 μmol/m 2 tBuCQN and DMPA was treated with UV 

light. The reaction time was investigated as experimental variable 

and the reaction was carried out at ambient temperature in a 

vented fume hood under stirring. It can be seen in Table 1 that 

after 30 min a selector coverage of 0.19 μmol/m 2 resulted (CSP 

# 2) corresponding to a 14% yield only. As reaction time was ex- 

tended, the selector coverage increased ( cf . CSPs # 2 - 5) reaching 

0.41 μmol/m 2 (30% yield) after 7 h, corresponding to an equal re- 

action time used for the synthesis of the thermally initiated brush- 

type reference CSP. It is evident that under chosen conditions the 

surface coverage is lower by UV irradiation. The lower reaction 

temperature can be one of the contributing factors for the lower 

surface coverage with photo-click reaction. There are certainly sev- 

eral ways to optimize this type of reaction, however, a different 

approach was then pursued, viz. photo-click immobilization via 

PMPMS. 

3.3. Optimization of polythiol-bonded photo-click CSP synthesis 

A fractional factorial design has been chosen to find optimal re- 

action conditions for the optimization of the PMPMS-bonded CSP 

synthesis. Three distinct approaches were evaluated: i) A slurry 

method: the vinylsilica was suspended in methanol in which the 

PMPMS was finely dispersed. tBuCQN and DMPA were dissolved in 

this reaction mixture and the radical addition reaction initiated by 

UV irradiation of the suspension. ii) A (solvent-less) film method: 

the same reaction mixture as in i) was prepared, but before reac- 

tion the solvent (MeOH) was completely evaporated. Thereby, the 

liquid PMPMS formed a thin film on the vinylsilica surface and the 

photo-reaction proceeded in this thin film that contained the se- 

lector and radical initiator. iii) A solvent-assisted film method: In 

this approach, a small amount of toluene was added to the re- 

action mixture prepared like in approach i). The methanol in the 

slurry was completely evaporated while the toluene remained in 

the reaction mixture. It should support the formation of a more 

homogenous film of the reaction mixture as well as accelerate re- 

action kinetics due to lower dynamic viscosity and higher diffusiv- 

ity of the thiyl radicals in the solvent film. 

In the course of the optimization of the reaction conditions, 

different synthesis batches were prepared, varying in synthesis 

method (slurry method, film method and solvent-assisted film 

method), reaction time, and initial concentration of educts as well 

as initiation type (UV irradiation vs temperature) (see Table 1 ). The 

optimization was assisted by DoE software MODDE to find the best 

compromise in terms of selector coverage, yield and chromato- 

graphic performance. Tentative surface morphologies are depicted 

in Fig. 1 a-d. The brush-type phase has relatively regularly ordered 

and oriented homogeneously distributed selector moieties attached 

to the silica surface ( Fig. 1 a). In the PMPMS-bonded slurry method 
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the polythiol may be attached to the surface as a chain or loop 

on which the selector moieties are attached ( Fig. 1 b). In the film 

methods the PMPMS is bonded horizontally and selector moieties 

are attached to this polymer film. Since the PMPMS is poorly solu- 

ble in methanol it may form an inhomogeneous film or patches on 

the surface which might be less favorable ( Fig. 1 c). PMPMS on the 

other hand is well soluble in toluene. The resultant polymer film 

is thus deemed to be more homogeneous ( Fig. 1 d). 

3.3.1. Comparison of synthesis procedures 

Three different synthesis strategies have been tested for the 

PMPMS-bonded reaction procedure, slurry and film method as well 

as solvent-assisted film method. Only the general procedure was 

varied, while other variables were kept identical. For the follow- 

ing comparison of the different synthesis methods, CSP # 6, 7, 21 

and 22 are taken into account. Selector coverages (in μmol/m 2 ) 

were calculated from the nitrogen content of elemental analysis 

assuming a specific surface area of 200 m 2 /g (as stated by the sil- 

ica manufacturer i.e. for sake of simplicity the calculations were 

based on the initial surface area of the silica). One has to con- 

sider that as an inevitable consequence of ligand immobilization, 

the pore space and consequently specific surface area of the parent 

silica particles may change significantly, especially when polymeric 

ligands and cross-linkers are employed like herein, and hence the 

reported values have to be regarded as approximations of the true 

surface coverage. However, they should adequately reflect the rel- 

ative trends which are of interest here. Reaction mixtures were 

charged with the same initial amount of selector (1.36 μmol/m 2 ) 

and PMPMS (2.26 μmol/m 2 ). As can be seen from Table 1 , for a 

120 min reaction time film and slurry methods afforded essentially 

the same selector coverages (0.44 vs 0.47 μmol/m 2 ) as well as sul- 

fur loadings (1.20 vs 1.18 μmol/m 2 ) which corresponds to around 

34% yields for selector bonding and around 53% yields for PMPMS 

immobilization ( cf . CSP # 6 and 7). At identical reaction times, the 

surface coverages of selector and sulfur could be increased to 0.61 

and 0.73 μmol/m 2 (tBuCQN) as well as 1.89 and 2.11 μmol/m 2 (sul- 

fur) (corresponding to yields in the order of 45–54% and 84–93% 

for tBuCQN and PMPMS, respectively) in presence of 2 and 1 mL 

toluene, respectively, by the solvent-assisted film method ( cf . CSP 

# 21 and 22). The thermally initiated film method provided cover- 

ages of 0.50 and 1.23 μmol/m 2 for selector and sulfur, respectively, 

at the same reaction time (120 min) corresponding to 34 and 54% 

yields (CSP # 23). This is quite comparable to the UV-initiated film 

method (CSP # 1). On contrary, the UV-initiated brush-type CSP # 

4 showed by a factor of ~2 lower immobilization yields. 

For evaluation of the chromatographic performance of these 

newly synthesized CSPs, Fmoc-Phe served as test compound. The 

S -enantiomer was always stronger retained than the R -enantiomer. 

The results of the chromatographic parameters on the different 

CSPs are summarized in Table 2 along with test conditions. For a 

deeper insight into peak dispersion contributions in dependence of 

synthesis parameters, we recorded for each column a Van Deemter 

(H/u) curve and the coefficients for Eddy diffusion (A-term), lon- 

gitudinal diffusion (B-term) and mass transfer resistance (C-term) 

derived by curve fitting using the Van Deemter equation are given 

in Table 2 . It is quite interesting to note that retention factors were 

systematically lower with the slurry method compared to the film 

method in spite of similar selector and thiol coverages ( cf . CSP 

# 6 - 11 in Tables 1 and 2 ). Separation factors are comparable 

(~1.5). The slurry method gives on average slightly better chro- 

matographic efficiency as can be seen from higher theoretical plate 

numbers ( N 1,opt / m ) and lower reduced plate height at optimal flow 

rate h min . The coefficients of the Van Deemter equation clearly re- 

veal a significantly lower mass transfer resistance (C-term) for the 

slurry method, most probably due to the lower selector coverage, 

while the A-terms are relatively similar ( cf . CSP 6 and 7 in Table 2 ). 

On the other hand, it is worthwhile to note that the higher selec- 

tor coverage of the CSPs # 21 and 22 prepared with the solvent- 

assisted film method is not associated with higher C-term. It seems 

that the solvent added during the photo-click reaction reduces the 

dynamic viscosity of the PMPMS film and enhances the diffusivity 

of the reactants (PMPMS, selector and UV irradiation-triggered rad- 

icals) during reaction. The solvent appears to improve both the re- 

action rates and morphology of the surface coating, possibly lead- 

ing to a more homogenous, thinner film compared to thick irreg- 

ular patches without solvent. The results in terms of C-term are 

comparable to the ones of the thermally initiated film approach 

(CSP # 23 - 25) although the latter have a lower selector coverage. 

3.3.2. Effect of reaction time 

The solvent-assisted film approach gave the best results in the 

above described initial tests. However, further optimization experi- 

ments with regard to surface coverage, enantioselectivity and chro- 

matographic efficiency focused on film and slurry methods to keep 

the reaction process simple and avoid the additional influence of 

the reaction solvent. To figure out the influence of the reaction 

time on the selector coverages, film and slurry synthesis strategies 

have been tested with different reaction times between 30 min 

and 2 h. Results regarding selector and sulfur coverages can be 

found in Table 1 and corresponding chromatographic performance 

data in Table 2 . Fig. 3 visualizes the major trends in graphical form. 

Here, it can be seen that the increase in selector and sulfur cover- 

age with reaction time is steeper for the slurry method than the 

film approach ( Fig. 3 a and 3 b). It mainly tells us that in case of 

the slurry method the faster bonding rate of PMPMS onto the sur- 

face limits the overall selector immobilization efficiency. At 30 min 

and 1 h reaction time, selector coverages are significantly higher 

for the film method due to more reactive sulfhydryls on the silica 

surface ( Fig. 3 a and 3 b). After 3 h of reaction, the selector cov- 

erage was, however, comparable as stated above. Also, the ratio of 

sulfur-to-selector is very similar ( Fig. 3 c). Fig. 3 d shows that the re- 

tention factors are plateauing at two distinct levels for film (higher 

k of around 2.4) and slurry method (lower k at around 1) with 

little variation in dependence on reaction time. Since plate num- 

bers drop with reaction time, also resolution is smaller with 3 h 

reaction in case of the film method ( Fig. 3 e and 3 f). Fig. 3 f again 

confirms that chromatographic efficiencies are significantly higher 

for the slurry method which might have something to do with the 

specific morphology of the PMPMS film or chains. 

3.3.3. Effect of reactants’ concentration 

The initial quantities of reactants and their ratio to each other 

represent crucial factors for the optimization of the photo-click 

immobilization process with regard to surface coverage, enan- 

tioselectivity and chromatographic efficiency. Consequently, initial 

amounts of tBuCQN as well as PMPMS in the starting reaction 

mixture were systematically altered along with reaction time. In 

order to understand the change of the response (viz. here the 

tBuCQN surface coverage) in dependence on the investigated fac- 

tors, a DoE approach using a screening design was utilized. tBuCQN 

and PMPMS in the reaction mixture and reaction time were con- 

tinuous variables in the design and the synthesis method (slurry 

and film approach) were considered as discrete variables. A frac- 

tional factorial design Resolution IV was employed. Due to a lim- 

ited number of experiments a model with linear terms only was 

evaluated and the coefficients as well as statistical parameters are 

given in Suppl. Material. The resultant model gives useful trends 

of the different factors, however, does not have predictive quality 

which was not the goal of this screening design (note, the inclusion 

of quadratic terms and model derivation by PLS rather than MLR 

improved the predictive quality but statistical parameters could 
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Table 2

Summary of the chromatographic results.

Reaction conditions Coverage Chromatographic results a

CSP # Reaction type Initiation

Reaction

time

[min]

tBuCQN

[μmol/m 2 ] k 1 αopt 
b R c N 1, opt /m 2 h min A [10 −3 mm] B [10−3 mm 2 s−1 ] C [10−3 s]

1 Brush-type d, e T 420 1.14 3.40 1.54 4.47 61,753 3.24 8.66 ± 1.64 0.76 ± 0.17 7.84 ± 0.29 

2 Brush-type UV 30 0.19 ± 0.001 0.56 1.52 1.65 86,640 2.31 7.22 ± 0.74 2.21 ± 0.13 3.88 ± 0.08 

3 Brush-type UV 60 0.21 ± 0.002 0.49 1.52 1.22 81,900 2.44 3.39 ± 1.10 3.29 ± 0.20 6.87 ± 0.13 

4 Brush-type UV 120 0.20 ± 0.002 0.33 1.52 1.05 75,500 2.65 4.64 ± 1.72 2.68 ± 0.45 5.38 ± 0.26 

5 Brush-type UV 420 0.41 ± 0.007 1.61 1.32 1.46 73,880 2.71 7.30 ± 0.61 2.48 ± 0.11 5.95 ± 0.07 

6 film UV 120 0.44 ± 0.001 0.73 1.46 1.22 61,375 3.26 7.64 ± 0.65 2.32 ± 0.11 7.65 ± 0.09 

7 slurry UV 120 0.47 ± 0.002 0.14 1.52 0.75 76,546 2.61 9.30 ± 2.12 1.87 ± 0.31 3.33 ± 0.56 

8 film UV 60 0.35 ± 0.010 0.62 1.48 1.24 64,055 3.12 9.1 ± 0.96 2.09 ± 0.17 6.60 ± 0.11 

9 slurry UV 60 0.29 ± 0.014 0.18 1.51 0.80 74,087 2.70 9.00 ± 1.64 2.60 ± 0.39 3.40 ± 0.34 

10 film UV 30 0.34 ± 0.008 0.58 1.52 1.51 69,909 2.86 7.28 ± 2.69 6.51 ± 0.48 4.36 ± 0.31 

11 slurry UV 30 0.14 ± 0.010 0.14 1.47 0.45 92,374 2.17 4.59 ± 2.61 3.76 ± 0.98 3.54 ± 0.76 

12 film UV 60 0.21 ± 0.003 0.19 1.52 0.58 54,656 3.66 9.04 ± 2.71 4.07 ± 0.58 7.73 ± 0.89 

13 film UV 60 0.34 ± 0.004 0.50 1.50 1.32 75,227 2.66 7.66 ± 0.48 1.72 ± 0.08 4.60 ± 0.07 

14 film UV 60 0.22 ± 0.010 0.17 1.48 0.60 80,758 2.48 8.03 ± 2.78 2.20 ± 0.41 3.89 ± 0.74 

15 film UV 60 0.42 ± 0.002 0.62 1.50 1.17 55,398 3.61 9.00 ± 0.85 2.72 ± 0.14 7.90 ± 0.12 

16 film UV 60 0.36 ± 0.000 0.41 1.55 1.12 61,975 3.23 7.00 ± 1.07 2.74 ± 0.19 6.02 ± 0.12 

17 slurry UV 231 0.20 ± 0.003 0.33 1.38 1.00 60,320 2.82 7.72 ± 4.89 3.13 ± 1.27 5.89 ± 0.62 

18 slurry UV 388 0.25 ± 0.000 0.52 1.32 0.80 82,040 2.44 4.89 ± 2.00 2.49 ± 0.37 6.19 ± 0.28 

19 film UV 376 0.62 ± 0.007 1.08 1.40 0.59 32,240 6.20 15.49 ± 1.53 1.78 ± 0.20 36.41 ± 0.78 

20 film UV 706 0.66 ± 0.007 0.90 1.42 0.47 24,620 8.12 23.1 ± 4.40 1.33 ± 0.50 65.96 ± 3.72 

21 solvent assisted film f UV 120 0.61 ± 0.005 0.70 1.44 1.95 76,500 2.61 8.85 ± 0.86 3.50 ± 0.12 3.56 ± 0.10 

22 solvent assisted film g UV 120 0.73 ± 0.007 0.92 1.41 1.81 57,780 3.46 12.26 ± 1.03 2.94 ± 0.18 4.55 ± 0.12 

23 film, thermal d, g T 120 0.50 0.74 1.51 3.00 37,620 5.32 21.59 ± 1.04 1.96 ± 0.52 4.61 ± 0.13 

24 film, thermal d, g T 240 0.55 0.75 1.52 3.92 66,340 3.01 9.38 ± 0.72 2.87 ± 0.13 4.00 ± 0.10 

25 film, thermal d, g T 480 0.57 1.07 1.50 4.68 67,560 2.96 8.01 ± 0.26 2.86 ± 0.45 4.14 ± 0.36 

a mob. ph. MeOH/Ac/NH4Ac (98/2/0.5, v/v/w).
b index "opt" stands for results at optimum flow rate.
c R at a linear flow rate of 5.89 mm/s.
d column length for CSPs 1 and 23 - 25: 150 mm.
e commercial brush-type material on 5 μm, 120 Å FPP was used as benchmark.
f solvent assisted film was carried out with additional toluene on particles.
g results for coverages of CSP 23 - 25 taken from Schmitt et al. [39] .
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Fig. 3. Effect of reaction time on surface coverages of tBuCQN selector (SO) (a), sulfur (S) coverage (b), sulfur (S)/selector (SO) ratio (c), retention factor k 1 at optimal flow

velocity (d), resolution (e), column plate number (at optimal flow velocity) ( L = 5 cm) (f) for slurry and film method. The data correspond to CSPs # 6 – 11. 
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Fig. 4. DoE optimization for the synthesis of the chiral stationary phase considering

4 factors, tBuCQN and PMPMS concentrations, reaction time and synthesis approach

(film as well as slurry method). The top panels show the response surfaces (tBuCQN

coverage) for the slurry method, the bottom panels for the film method.

not be comprehensively evaluated). Response surfaces for the lin- 

ear model are depicted in Fig. 4 . They show that the surface cov- 

erage increases with reaction time and PMPMS amount in the re- 

action mixture. On contrary, the model also reveals that a higher 

selector concentration in the reaction mixture leads to lower sur- 

face coverage, which is a bit counterintuitive at first glance. It 

may, however, be explained by increasing modification of the thi- 

ols of PMPMS by the selector so that these thiols are not available 

for surface grafting anymore. From this viewpoint this result also 

makes sense because of the competitive nature of reactions taking 

place. An initial weight ratio of 2.5 of sulfur (PMPMS) and selector 

seems to be most promising with the chosen conditions. 

3.4. Chromatographic performance 

A summary of the chromatographic performance of the synthe- 

sized CSPs is given in Table 2 . In general, the main goal of the de- 

velopment of a useful CSP is to obtain sufficient enantioselectivity 

and good chromatographic performance, i.e. low plate height. This 

does not necessitate a high selector coverage. However, a certain 

concentration of chiral selector is needed. As can be seen from 

Table 2 , the average separation factor of all synthesized columns 

is 1.47 ( ± 0.06) which corresponds to an RSD of 4.4% while se- 

lector coverages and retention factors show variances of 43.7% and 

93.5% RSD, respectively. Even the CSP with the lowest selector cov- 

erage (CSP # 11) having grafted 0.14 μmol/m 2 of tBuCQN only gives 

a separation factor of 1.47. The chromatographic efficiency seems 

to depend on several factors, amongst others on the method of 

immobilization but to some extent also on the surface coverage. 

It is interesting to note that the C-term is smaller for the slurry 

method as compared to the film method in the experiments of 

direct comparison (CSP # 6 vs 7, 8 vs 9, and 10 vs 11). Overall, 

reduced plate heights in the order of 2 to 4 are decent but can 

be certainly further improved. In particular, column packing may 

need systematic optimization, as can be deduced from the A-terms 

(see Table 2 ). 

Fig. 5 depicts a comparison of test chromatograms of Fmoc- 

Phe-obtained with CSPs prepared by distinct approaches. Note 

that Fig. 5 a) as well as Fig. 5 c) were recorded with a 150 mm 

long column while all other chromatograms were recorded with 

50 mm long columns. All columns were based on 5 μm parti- 

cles. The mobile phase for all chromatograms was methanol/acetic 

acid/ammonium acetate (98/2/0.5, v/v/w), and all chromatograms 

were recorded at the optimal linear velocity of 0.88 mm/s. It can 

be seen that the brush-type phase synthesized by thermally initi- 

ated click reaction (CSP # 1) gives symmetrical peaks with reduced 

minimal plate height h min of 3.24 and 61,753 plates/m ( Fig. 5 a). 

The corresponding photo-clicked brush-type CSP with the same 

7 h reaction time (CSP # 5) produced 73,890 plates/m and pro- 

vided a h min of 2.71. The peak width at half height looks bet- 

ter which may be related to the significantly lower selector cov- 

erage (0.40 and 1.14 μmol/m 2 for CSP # 5 and 1, respectively). 

Peak widths at the basis are, unfortunately, a bit unfavorable for 

the photo-initiated brush phase and may indicate a sub-optimal 

column packing. Optimization of column packing may overcome 

this problem but was not performed in this work because CSPs 

were synthesized in small quantities only. Another option for im- 

proving the peak shape is to oxidize residual thiols and thioethers 

(vide infra). Figs. 5 c) to 5e) show test chromatograms of the ther- 

mally initiated (CSP # 23) and UV-initiated film synthesis method 

(CSP # 6) as well as UV-initiated slurry approach (CSP # 7). In 

spite of comparable selector coverages of 0.47 ( ± 0.03) μmol/m 2 , 

chromatographic parameters are significantly different. For exam- 

ple, the slurry method furnished columns with much less retention 

(as mentioned above). The chromatographic efficiency increased 

from 37,620/m ( h min 5.32) for CSP # 23 (thermal initiation, film), to 

61,375/m ( h min 3.26) for CSP # 6 (UV initiation, film) to 76,546/m 

( h min 2.61) for CSP # 7 (UV initiation, slurry). The UV-initiated 

solvent-assisted film method ( Fig. 5 f, CSP # 21) gave slightly bet- 

ter performance in terms of peak width at half height compared to 

the approach without toluene ( Fig. 5 d, CSP # 6) (76,500 plates/m; 

h min 2.61). 

The lower selector coverages of the CSPs synthesized by photo- 

click immobilization in combination with the employed standard 

mobile phase (methanol/acetic acid/ammonium acetate, 98/2/0.5, 

v/v/w) led to small retention factors. However, simple dilution of 

this mobile phase with MeOH to reduce the ionic strength and 

counterion concentration of the mobile phase afforded a signifi- 

cantly weaker eluent and appropriate retention factors ( Fig. 6 ). A 

1:20 and 1:40 (v/v) diluted mobile phase provided baseline sep- 

arations of Fmoc-Phe-on CSP # 7 prepared by UV-initiated slurry 

method ( Fig. 6 b and c) and allowed to adjust largely equivalent 

separations to the brush-type benchmark on CSP # 6 prepared by 

UV-initiated film method ( Fig. 6 d–f). The diluted mobile phases 

render elution conditions better compatible with mass spectrom- 

etry and electrospray ionization, respectively. 

The chromatographic data in Table 2 were derived from ex- 

periments with the same mobile phase. Due to distinct reten- 

tion factors perfect comparability may be compromised. Thus, CSPs 

prepared by UV- and thermally initiated click immobilization by 

film approach (CSP # 10 and 24, respectively) were compared us- 

ing isoeluotropic conditions, i.e. equal retention factor adjusted by 

mobile phase dilution, with regard to their Van Deemter curves 

( Fig. 7 ). It can be seen that CSP # 24 (thermally initiated film 

method) shows slight superiority in terms of chromatographic ef- 

ficiency. The mass transfer resistance term (C-term) is slightly 

smaller for the thermally initiated method. This might be caused 

by the inability of the UV light rays to penetrate deeply into the 

pores of the silica to start the immobilization process. Especially 

when applying the film method, diffusion of the radicals and the 

photoinitiator’s decomposition products that are formed on the 

better accessible outer surface of the silica into the pores is lim- 

ited due to poor diffusivity in the viscous polymer film. Hence, at 

ambient temperature the selector bonding to the vinyl silica sur- 

face inside the pores is inefficient and the surface might be chem- 

ically more heterogeneous as compared to reaction at higher tem- 

perature of the thermally initiated process. However, both columns 

show a comparable minimum in reduced plate height (3.83 for CSP 

# 10, 3.01 for CSP # 24 (both for isoelutropic conditions, values for 

reduced plate height with undiluted mobile phase: 2.86 for CSP # 

10, 3.01 for CSP # 24)). 
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Fig. 5. Representative chromatograms for the distinct synthesis approaches. (a) Brush-type benchmark obtained by thermally initiated thiol-ene click immobilization (CSP

# 1). (b) UV-initiated brush-type CSP (CSP # 5), (c) thermally initiated PMPMS-bonded film method (2 h reaction time) (CSP # 23), (d) UV-initiated PMPMS-bonded film

method (2 h reaction) (CSP # 6), (e) UV-initiated PMPMS-bonded slurry method (2 h) (CSP # 7), (f) solvent-assisted UV-initiated PMPMS-bonded film method with 2 mL

toluene (CSP # 21). All chromatograms were recorded with methanol/acetic acid/ammonium acetate (98/2/0.5, v/v/w) as mobile phase and Fmoc-Phe-as analyte. Flow rate

for all chromatograms is 0.15 ml/min. Column length 150 mm (a,c) and 50 mm (b,d,e,f), respectively.

Fig. 6. Effect of ionic strength (mobile phase dilution) on separation of Fmoc-Phe-on PMPMS-bonded CSP synthesized by UV-initiated slurry method (CSP # 7) (a,b,c) and by

UV-initiated film method (CSP # 6) (d,e,f) (reaction time 120 min for both). Eluents, methanol/acetic acid/ammonium acetate (98/2/0.5, v/v/w) (a,d), 1:20 diluted (b,e) and

1:40 diluted mobile phase (c,f). Flow rate for all chromatograms was 0.15 ml/min, detection at 254 nm.
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Fig. 7. Comparison of efficiencies (Van Deemter curves) of PMPMS-bonded CSPs prepared by UV-initiated (CSP # 10) and thermally initiated film method (CSP # 24) at

isoeluotropic conditions. Mobile phase was methanol/acetic acid/ammonium acetate (98/2/0.5, v/v/w) for thermally initiated CSP, and (99.74/0.26/0.065, v/v/w) for UV- 

initiated CSP.

As indicated above, oxidation of the surface to modify resid- 

ual thiols into sulfonic acid groups and thioethers into sulfons is 

a simple strategy to improve peak shapes. It seems that the pres- 

ence of sulfonate groups minimizes secondary interactions which 

Fig. 8. Comparison of peak symmetry obtained with (a) non-oxidized CSP #

22, and (b) oxidized CSP # 22. Conditions: (a) Mobile phase, methanol/acetic

acid/ammonium acetate (98/2/0.5, v/v/w), and (b) with isoelutropic conditions, i.e.

mobile phase of (a) diluted with methanol (50:50; v/v); flow rate, 0.15 mL/min (a

and b).

translates into more symmetrical peaks as is documented by a 

comparison of non-oxidized and oxidized CSP # 22 (see Fig. 8 ). 

The solvent-assisted photoclick synthesized non-oxidized CSP # 22 

shows an ugly peak asymmetry as the material is a bit sticky dur- 

ing column packing ( Fig. 8 a). In contrast, the oxidized CSP # 22 ob- 

tained by treatment with performic acid shows perfect peak sym- 

metry ( Fig. 8 b). 

Overall, the thermal immobilization methods seem to be supe- 

rior than photo-click immobilization in the current version. How- 

ever, photochemical methods might become an interesting alter- 

native to the thermal methods, if some specific limitations as out- 

lined in the Conclusions (vide infra) can be addressed successfully. 

4. Conclusions

In this work, we presented the proof-of-principle of thiol-ene 

photo-click immobilization of a chiral vinyl ligand on silica par- 

ticles. Distinct approaches of linking chemistries were evaluated 

comprising brush-type bonding of the ligand to thiol silica and its 

bonding to vinylsilica via a polythiol crosslinker. Brush-type photo- 

click immobilization yielded lower selector coverages as compared 

to polythiol-mediated photo-click immobilization. Photoclick im- 

mobilization of the selector via coated polythiol film yielded about 

the same surface coverage as compared to the approach in which 

all reactants including polythiol were suspended in the slurry 

of vinyl-silica. In spite of similar selector coverages, the former 

showed stronger retention for a chiral acidic probe. A solvent- 

assisted film approach with toluene allowed to enhance yields of 

the immobilization reaction to ~90% for thiol and ~50% for selec- 

tor. Separation factors achieved with the distinct approaches were 

relatively constant (1.47 ± 0.6), but retention factors differed sig- 

nificantly when identical mobile phases were applied. Resultant 

phases with low coverage and low retention, respectively, required 

adjustment of the ionic strength in the mobile phase. Overall, use- 

ful CSPs were obtained but the procedure has certainly some room 

for further improvements. For example, the photoinitiator should 

be fine-tuned. Its absorbance maximum should not overlap with 
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absorbance bands of the selector, so that the UV light is more ef- 

ficiently exploited for generation of radicals. It is expected that 

reaction rates can then be accelerated. The light source might be 

another factor for optimization and the transmittance of the reac- 

tion vessel should also be considered. To what extent the UV light 

permeates the silica particles is unclear. However, it is known that 

toluene and xylene make porous silica translucent which could be 

beneficial in terms of local radical concentrations inside the pores. 

The solvent-assisted film approach has some potential for further 

optimization in this regard. While the application of temperature 

may be favourable in terms of homogeneity of the coated film, 

the UV-initiated process at ambient temperature is regarded a mild 

and safe process, worth to be considered as alternative. 
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PART I: Chromatographic evaluation 

Table S1a. Summary of the chromatographic results with diluted mobile phase. 

Table S1b. Summary of the chromatographic results with diluted mobile phase. 

starting conditions 
CSP 

# 
reaction 

type 
reaction time 

[min] 
initial weight 

[mmol]1 
initial weight 

[µmol/m2] 
dilution 
factor 

tBuCQN PMPMS tBuCQN PMPMS of mob. 
phase2 

1 Film 

120 0.136 0.226 1.36 2.26 

no dilution 
01:20 
01:40 

2 Slurry 
no dilution 

01:20 
01:40 

1 all initial weights based on 0.5 g vinylated silica 
2 dilution was performed with methanol to obtain lower amounts of additives 

chromatographic results3 
CSP 

# 
dilution 
factor k1 αopt

4 Ropt
4 R5.89mm/s

5 N1, opt
4 N1, opt/m4 hmin 

A 
[10-3mm] 

B 
[10-3mm2 s-1] 

C 
[10-3s] 

of mob. 
phase2 

1 

no 
dilution 0.73 1.46 2.39 1.22 3069 61375 3.26 7.64 

± 0.65 
2.32 

± 0.11 
7.65 

± 0.09 

01:20 2.31 1.45 3.51 1.97 2810 56200 3.56 12.14 
± 1.39 

2.43 
± 0.25 

6.68 
± 0.16 

01:40 2.66 1.42 3.53 2.02 2865 57300 3.49 11.71 
± 1.12 

2.62 
± 0.20 

6.18 
± 0.13 

2 

no 
dilution 0.14 1.52 0.94 0.75 3827 76546 2.61 9.30 

± 2.12 
1.87 

± 0.31 
3.33 

± 0.56 

01:20 0.42 1.53 2.05 1.30 3278 65560 3.05 7.50 
± 0.73 

2.90 
± 0.13 

5.02 
± 0.85 

01:40 0.53 1.46 2.01 1.28 2920 58400 3.43 10.95 
± 0.43 

3.29 
± 0.77 

4.53 
± 0.49 

3 mob. ph. MeOH/Ac/NH4Ac (98/2/0.5, v/v/w) or diluted as stated 
4 index "opt" stands for results at optimum flow rate 
5 R at a linear flow rate of 5.89 mm/s 
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PART II: Design of experiment 

Table S2. Summary of the statistic parameters of the selector coverage prediction 

versus the observed results. 

Fig. S1. Observed vs predicted selector coverage as calculated by MODDE Pro 

Ver. 12.1.0.5491 from Sartorius Stedim (Umeå, Sweden). Note that the numbers 

refer to the CSPs 6 - 16 from table 1 and 2. 

Observed vs. predicted selector coverage
Selector coverage
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Predicted [µmol/g]

SO coverage Coeff. SC Standard Error P Conf. Int. (±) 
Constant 619,202 480,811 1.35E-01 117,651 

time 210,695 536,969 0,00776799 131,392 
initial weight SO -128,383 404,345 0,0191948 989,405 

initial weight linker 131,014 536,968 0,0504793 131,392 

method (DF = 1) 
film 794,366 404,345 0,0970777 989,405 

slurry -794,366 404,345 0,0970777 989,405 
N = 11, DF = 6, R2 = 0.846, RSD = 11.01 
red = values higher than p = 0.05  
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a b s t r a c t 

The present work reports on the preparation of polythiol-functionalized silica particles by thermally

and photo-initiated radical addition reactions using poly(3-mercaptopropyl)methylsiloxane (PMPMS) as

sulfhydryl group-rich surface modification reagent. Prior to surface modification with PMPMS, the sil- 

ica was vinylized with vinyl trimethoxysilane. Finally, the usefulness of the thiolated silica particles was

demonstrated by their further modification for various HPLC applications such as argentation chromatog- 

raphy and chiral separations. Aiming at a sulfhydryl group-rich, thin PMPMS layer on the surface of

the silica several factors such as quantity of PMPMS, radical starter and reaction time were investi- 

gated by a design of experiment (DoE) approach. In thermally induced polymerization reactions 2,2’-

azobis(isobutyronitrile) (AIBN) was used as radical starter, in photo-induced reactions 2,2-dimethoxy-2-

phenylacetophenone (DMPA) was used instead. The incorporation of PMPMS was evaluated by elemental

analysis and reactive and accessible sulfhydryl groups were determined by performing a thiol-disulfide

exchange reaction with 2,2’-dipyridyl disulfide (DPDS). Consequently, thiol-functionalized silica particles

(200 Å, 5 μm) with 1.81 ± 0.07 μmol sulfhydryl groups per m 2 were prepared and further function- 

alized for silver ion chromatography and chiral separation chromatography clearly proving its utility as

platform for further silica functionalization. The fabricated stationary phase for silver ion chromatogra- 

phy showed promising separation abilities for fatty acid methyl esters (FAME) according to the amount

of double bonds within the fatty acid residue and cis- and trans-stilbene as model molecule for cis-trans

isomerism. After the successful incorporation of O - tert -butylcarbamoyl quinine (tBuCQN) as chiral selector

via thiol-ene click chemistry onto the PMPMS layer, the obtained chiral stationary phases (CSP) showed

good separation of derivatized amino acids in polar organic elution mode comparable with a column

based on commercially available CHIRALPAK QN-AX silica particles (120 Å, 5 μm). 

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Thiol-functionalized silica is a popular material in a wide range 

of areas such as heavy metal capture, catalysis and chromatography 

(e.g. for protein separation by thiol-disulfide exchange of sulfhydryl 

groups containing proteins in covalent chromatography and for the 

∗ Author for correspondence: Prof. Dr. Michael Lämmerhofer, Pharmaceutical

(Bio-)Analysis, Institute of Pharmaceutical Sciences, University of Tübingen, Auf der

Morgenstelle 8, 72076 Tübingen, Germany. T + 49 7071 29 78793; F + 49 7071 29 

4565.

E-mail address: michael.laemmerhofer@uni-tuebingen.de (M. Lämmerhofer).

development of stationary phases). Hence, the preparation of sta- 

ble thiol-functionalized silica particles with adjustable sulfhydryl 

content is of high interest [1] . Typically, thiol-functionalization 

of silica particles is carried out by silanization reactions using 

alkoxysilanes or chlorosilanes obtaining a mono- or bifunctional 

siloxane bonding to the silica resulting in so called brush type 

phases [2-8] . Such bondings are susceptible to hydrolytic cleav- 

age of the resultant Si-O-Si bonds, especially under aqueous mo- 

bile phase conditions in reversed-phase and hydrophilic interac- 

tion liquid chromatography (HILIC) elution modes. Therefore, al- 

ternative bonding chemistries are desirable to obtain more stable 

ligand attachment, minimize column bleeding and reduce back- 

https://doi.org/10.1016/j.chroma.2021.462069

0021-9673/© 2021 Elsevier B.V. All rights reserved.

CHAPTER FOUR: PUBLICATION III | 123 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 



M. Wolter, X. Chen, U. Woiwode et al. Journal of Chromatography A 1643 (2021) 462069

ground signals from detached chromatographic ligands in particu- 

lar in mass spectrometry (MS) detection. Polymeric coating strate- 

gies proved to reduce this phenomenon and consequently PMPMS 

coated functionalized stationary phases containing enantioselective 

ligands were prepared in one-pot synthesis procedures showing 

less column bleeding than the respective brush-type phases [ 2 , 9- 

11 ]. In these former studies, crosslinking of the PMPMS film and 

its functionalization took place simultaneously in one reaction in 

a thiol-ene double click reaction. Thereby, the two click reactions 

occur in competitive manner which makes it more difficult to ad- 

just ligand coverages. For this and other reasons, it may be de- 

sirable to generate a general polymer bonded PMPMS-based thiol- 

functionalized silica platform with adjustable sulfhydryl group con- 

tent which may serve as flexible reactive intermediate for further 

functionalization with controlled ligand coverage. 

The aim of this work was to develop a strategy for the syn- 

thesis of PMPMS-based silica with controlled reactive sulfhydryl 

surface concentration by use of a design of experiment strategy. 

As model systems for further modification on the polymeric thiol- 

silica platform, a chiral stationary phase and a silver-ion chro- 

matography material were selected to demonstrate the utility of 

the approach. First, enantioselective ligands based on cinchona al- 

kaloids were linked to sulfhydryl groups of the PMPMS modified 

silica particles by thiol-ene click reaction yielding a stable bonding. 

Second, thiol-functionalized silica particles can represent the base 

material for the separation of lipids by silver ion chromatography. 

The free thiol groups can easily be oxidized and loaded with silver 

ions which are strongly adsorbed under normal phase conditions. 

As silver ion chromatography provides the possibility to separate 

lipids according to their number of double bonds and configura- 

tion, this technique is preferably used in food industry, lipid chem- 

istry, clinical and pharmaceutical analysis, plant and animal phys- 

iology [ 12 , 13 ]. There are only a few HPLC columns dealing with 

this concept commercially available (e.g. ChromSpher Lipids, Sil- 

ver Column KANTO) and silver ion chromatography columns are 

mainly prepared in house using commercially available cation ex- 

change columns by adding adsorbed silver ions on the surface of 

the silica particles [ 14 , 15 ]. 

2. Experimental

2.1. Materials 

Spherical silica particles ProntoSil 20 0-5-Si (20 0 Å, 5 

μm, 200 m 2 /g) and empty stainless steel columns (50 × 3 

mm) were purchased from Bischoff Chromatography (Leon- 

berg, Germany). O - tert -Butylcarbamoyl quinine (tBuCQN) 

was synthesized as described elsewhere [16] . Radical 

starters 2,2-dimethoxy-2-phenylacetophenone (DMPA), 2,2’- 

azobis(isobutyronitrile) (AIBN) and 2,2’-dipyridyl disulfide 

(DPDS), 2-mercaptoethanol, methyl oleate, methyl linoleate, 

methyl linolenate, 4-dimethylaminopyridine (DMAP), tris(2- 

carboxyethyl)phosphine (TCEP), 2-(2,4-dichlorophenoxy)propanoic 

acid (dichlorprop), histidine, boric acid, nitric acid (HNO 3 ), 

tris(hydroxymethyl)aminomethane (Tris), sodium hydroxide 

(NaOH), sodium dihydrogen phosphate monohydrate (NaH 2 PO 4 

x H 2 O), potassium chloride (KCl), ammonium iron (III) sulfate 

dodecahydrate (NH 4 Fe(SO 4 ) 2 x 12 H 2 O), ammonium thiocyanate 

(NH 4 SCN), potassium iodide, silver nitrate, hydrogen peroxide (30 

%) and N,O -bis(trimethylsilyl)acetamide (BSA) were obtained from 

Sigma Aldrich (Munich, Germany). The derivatized amino acids 

N -[(9H-fluoren-9-ylmethoxy)carbonyl]-phenylalanine (Fmoc-Phe), 

N -acetyl-phenylalanine (Ac-Phe), N -carbobenzoxy-phenylalanine 

(Z-Phe), N -(3,5-dinitrobenzoyl)-leucine (DNB-Leu) and the respec- 

tive enantiomers were supplied by Sigma Aldrich or synthesized 

in-house according to ref. [ 17 , 18 ]. Vinyl trimethoxysilane and 

poly(3-mercaptopropyl)methylsiloxane (viscosity: 75-150 cSt., 

molecular weight: 40 0 0-70 0 0 g/mol) (PMPMS) were both received 

from ABCR Chemicals (Karlsruhe, Germany). Sulfanilamide was 

supplied from Elemental Microanalysis (Okehampton, Devon, UK). 

The solvents toluene, methanol, acetonitrile (ACN) and n-hexane 

were of technical grade or HPLC grade and purchased from Bren- 

ntag (Essen, Germany) and Sigma Aldrich, respectively. MilliQ 

water was purified by using an Elga PureLab Ultra Purification Sys- 

tem (Celle, Germany). Acetic acid, formic acid (FA) and ammonium 

acetate (NH 4 Ac) were all of analytical grade and obtained from 

Sigma Aldrich. 

2.2. Instrumentation and software 

Chromatographic tests were performed on an Agilent 1100 se- 

ries HPLC system (Agilent, Waldbronn, Germany) equipped with 

a degasser, binary pump, column compartment with temperature 

control and a variable wavelength detector (VWD) or an Agilent LC 

MSD-SL ion-trap mass-spectrometer. Mobile phases for the chro- 

matographic tests and other conditions are specified in respec- 

tive figure captions or subchapters. ζ -Potentials were determined 

by electrophoretic light scattering measurements using a Zeta- 

sizer NanoZS particle analyzer equipped with folded capillary cells 

(Malvern Instruments, Herrenberg, Germany). Elemental analyses 

were carried out using an EA 30 0 0 CHNS-O elemental analyser 

from EuroVector SpA (Milan, Italy). The stationary phases were 

slurry packed into stainless steel columns by using a Smartline 

Pneumatic Pump 1950 from Knauer (Berlin, Germany). The de- 

sign of experiments (DoE) approach was software-supported by 

using MODDE Pro Ver. 12.1.0.54.91 from Sartorius Stedim (Umeå, 

Sweden). MarvinSketch 20.19 (ChemAxon, www.chemaxon.de ) was 

used for estimation of pK a values. 

2.3. Preparation of modified silica particles 

2.3.1. Synthesis of vinylized silica 

15 g bare silica particles (200 Å, 5 μm) were dried in a vacuum 

oven at 60 °C for 24 h and then suspended in 200 mL toluene 

within a triple neck flask equipped with a distillation bridge and 

a stirrer. During continuous stirring the suspension was heated 

up to reflux and 50 mL toluene were distilled off and discarded 

subsequently in order to remove traces of water from the sys- 

tem. Thereafter, the system was cooled down to room temperature 

and the distillation bridge was exchanged by a reflux condenser. 

Vinyl trimethoxysilane (6 μmol per m 2 silica) or a mixture of vinyl 

trimethoxysilane and BSA were along with DMAP (5 % n/n related 

to vinyl trimethoxysilane and BSA) added to the mixture and a ni- 

trogen supply was attached. The system was flushed with nitrogen 

for 15 min and after that the suspension was heated up to reflux 

and the reaction was allowed to proceed for 24 h under continuous 

gentle nitrogen rinsing and stirring. Finally, the silica was washed 

3 times with boiling toluene and methanol each using a glass fun- 

nel of porosity 4 and dried in a vacuum oven at 60 °C for 24 h. 

2.3.2. Synthesis of PMPMS thiol-functionalized silica 

Typically, 0.6 g dried vinylized silica, PMPMS and radical initia- 

tor were suspended in 25 mL methanol within a 100 mL round 

bottom flask (Duran Glastechnik, Wertheim/Main, Germany, neg- 

ligible UV absorption in the range above 310 nm). Hereafter, the 

solvent was evaporated by using a rotary evaporator resulting in 

a thin PMPMS film on the silica surface. After flushing the flask 

with nitrogen for 10 min, it was placed in a heating chamber tem- 

pered at 60 °C for thermally induced reactions with AIBN. For the 

UV-initiated reaction with DMPA as radical initiator, it was contin- 

uously rotated using a rotor attached to the flask ́s head with 60 
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Table 1

Experimental conditions and results of the photochemical and the thermochemical approach for the preparation of PMPMS thiol-functionalized silica particles

Photochemical Approach Thermochemical Approach

Experimental conditions Outcome Experimental conditions Outcome

# DMPA PMPMS time S 2 SH 3 SH/S # AIBN PMPMS time S 2 SH 3 SH/S

[%] 1 [mmol/g] [min] [μmol/g] [μmol/g] [%] [%] 1 [mmol/g] [min] [μmol/g] [μmol/g] [%]

P1 10 0.25 5 206.1 36.3 17.6 T1 10 0.25 60 199.0 22.9 11.5

P2 10 0.25 15 214.3 34.6 16.1 T2 10 0.25 120 191.5 47.8 25.0

P3 10 0.25 30 218.3 28.6 13.1 T3 10 0.25 180 199.8 33.8 16.9

P4 10 0.5 5 331.1 53.0 16.0 T4 10 0.5 60 408.5 155.5 38.1

P5 10 0.5 15 359.5 47.8 13.3 T5 10 0.5 120 426.2 108.7 25.5

P6 10 0.5 30 348.6 32.4 9.3 T6 10 0.5 180 431.6 43.1 10.0

P7 10 1 5 671.7 126.7 18.9 T7 10 1 60 711.2 329.0 46.3

P8 10 1 15 716.4 65.4 9.1 T8 10 1 120 748.6 260.4 34.8

P9 10 1 30 862.5 59.7 6.9 T9 10 1 180 733.6 195.7 26.7

P10 10 0.5 15 336.6 40.7 12.1 T10 10 0.5 120 438.4 120.7 27.5

P11 10 1 2 555.2 277.4 50.0 T11 10 1 45 644.1 ± 16.6 4 361.5 ± 13.8 4 56.2 ± 2.8 4 

P12 5 1 2 541.0 271.2 50.1 T12 10 1 30 355.4 163.2 45.9

P13 2.5 1 2 513.3 240.5 46.9 T13 5 1 30 306.8 188.7 61.5

1 mol% related to the total amount of vinyl groups in the reaction mixture
2 calculated by elemental analysis data based on %S
3 determined by a thiol-disulfid exchange reaction with DPDS 4 based on reproducing the synthesis procedure for four times

rpm at ambient temperature in a well-vented hood with the Ultra- 

Vitalux UV lamp (Osram, Munich, Germany). Here, the UV lamp 

(300 W, radiant power of 13.6 W in the UV-A (315-400 nm) and 

3.0 W in the UV-B (280-315 nm) spectral range) was positioned in 

a distance of 10 cm to the flask ́s outer wall and an angle of 135 °

relative to the flask ́s rotation axis (for scheme of reaction setup see 

Suppl. Fig. S5). Detailed reaction conditions are given in Table 1 . In 

the end, the silica was washed 3 times with boiling toluene and 

methanol each using a glass funnel of porosity 4 and dried in a 

vacuum oven at 60 °C for 12 h. 

2.3.3. Oxidation of PMPMS thiol-functionalized silica 

Free reactive sulfhydryl groups available on the PMPMS thiol- 

functionalized silica particles were oxidized by using performic 

acid resulting in sulfonic acid groups. For this purpose, 0.5 g of 

PMPMS-functionalized silica were suspended in a mixture of 40 

mL methanol and 2.1 mL formic acid and a mixture of 0.5 mL 

hydrogen peroxide (30 % v/v) and 9.5 mL formic acid was added 

dropwise to the suspension. The reaction was allowed to proceed 

for 4 h under continuous stirring and ice bath cooling. Lastly, the 

silica was washed 3 times with hot methanol using a glass funnel 

of porosity 4 and dried in a vacuum oven at 60 °C for 24 h. 

2.3.4. Immobilization of silver ions onto oxidized silica 

In order to adsorb silver ions onto the surface of the modi- 

fied silica particles, 0.4 g of the silica were dispersed in 20 mL 

0.1 M silver nitrate solution (water/methanol, 50/50; v/v) for 2 h 

under continuous stirring. Afterwards, the silica was washed sev- 

eral times with a mixture of methanol and water (50/50; v/v) un- 

til there was no more precipitation of silver iodide observed by 

adding a 0.1 M potassium iodide solution. Lastly, the silica was 

washed 3 times with boiling methanol using a glass funnel of 

porosity 4 prior to drying in a vacuum oven at 60 °C for 24 h. 

2.3.5. Immobilization of O - tert -butyl carbamoyl quinine via thiol-ene 

click reaction onto PMPMS thiol-functionalized silica 

0.5 g of dried PMPMS thiol-functionalized silica particles were 

suspended in 80 mL methanol within a triple neck flask equipped 

with a distillation bridge and a stirrer. The suspension was heated 

up to 80 °C and 40 mL methanol (for SP5) or 60 mL methanol 

(for SP6), respectively, were distilled off and discarded. Afterwards, 

the system was cooled down and the distillation bridge was re- 

placed by a reflux condenser. Subsequently, tBuCQN as functional 

ene-component (4 μmol per m 2 silica) and AIBN as radical initia- 

tor (10 % n/n according to vinyl groups of tBuCQN) were added to 

the suspension. Then, the system was flushed with nitrogen for 15 

min. Afterwards, the suspension was heated up to 80 °C and the 

reaction allowed to proceed for 7 h under continuous gentle nitro- 

gen rinsing and stirring. Finally, the silica was washed with boiling 

toluene and methanol 3 times each and dried in a vacuum oven at 

60 °C for 24 h. 

2.4. Evaluation of modified silica particles 

2.4.1. Elemental Analysis 

The elemental composition of the modified silica particles was 

determined by elemental analysis in order to calculate the amount 

of incorporated PMPMS, tBuCQN and vinyl groups. Typically, 2 mg 

of the silica were weighed into a tin capsule and were provided to 

the elemental analyzer. Helium of 5.0 quality was used as carrier 

gas and detection was carried out after separation of the formed 

CO 2 , H 2 O, N 2 and SO 2 by gas chromatography using a thermal con- 

ductivity detector (TCD). Here, sulfanilamide was used as reference 

substance. 

2.4.2. Determination of sulfhydryl group content 

For the determination of reactive and accessible sulfhydryl 

groups on the silica surface a thiol-disulfide exchange reaction 

with DPDS was performed according to ref. [ 19 , 20 ] and the formed 

2-pyridyl thiol and its tautomerized thione form, respectively, were

quantified by RP-HPLC-UV/Vis. Therefore, 10 mg of dried PMPMS

thiol-functionalized silica particles were weighed into a micro cen- 

trifuge tube which was impervious to light. Subsequently, 1 mL 

0.1 M DPDS solution (in ACN) was added. The centrifuge tube was 

intensively shaken for 3 h and then centrifuged. The supernatant 

was diluted with ACN in a ratio of 1 to 10. The concentration of 

2-pyridyl thiol and its tautomerized thione form was finally quan- 

tified by RP-HPLC-UV/Vis. Detailed conditions are given in Suppl.

Material. 2-Mercaptoethanol was used as calibrant for the prepara- 

tion of the calibration function for the quantification of the reactive 

sulfhydryl content. 

2.4.3. Determination of immobilized silver ion content 

The silver ion loading of the silica particles was determined in- 

directly by titration (according to Volhard) of the silver ions not 

adsorbed and thus remaining in the washing solvent. Thus, 0.1 mL 

saturated NH 4 Fe(SO 4 ) 2 solution as endpoint indicator was added 
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Δ

Fig. 1. Reaction scheme of (poly)thiol-ene click reaction of vinylized silica (ene-component) and PMPMS (thiol component) for (a) thermally or (b) photochemically induced

reactions.

and the pH was adjusted with HNO 3 obtaining a concentration of 1 

mol/L HNO 3 . The titration was carried out by using 0.01 M NH 4 SCN 

solution as titrant to the visually determined endpoint. A reference 

titration of 0.1 M AgNO 3 solution (water/methanol, 50/50; v/v) was 

performed. 

2.4.4. ζ -Potentials 

pH-dependent ζ -potential determinations were conducted in a 

pH range from 3.5 to 9.5 with a suspension of 0.2 mg/mL particles 

in 10 mM KCl solutions containing 1 mM of the following buffers: 

formic acid/sodium formate, acetic acid/sodium acetate, histidine, 

tris/tris-HCl, boric acid/sodium borate [21] . Thereby, folded capil- 

lary cells were used for the measurements and all experiments 

were performed in triplicates. Prior to each measurement the tem- 

perature of the suspension was equilibrated to 25 °C. ζ -potentials 

were calculated according to the von Smoluchowski equation. 

2.5. Preparation of HPLC columns and chromatographic tests 

2.5.1. Column packing 

The silica was slurry packed into empty stainless-steel columns 

(50 mm x 3 mm) applying a pressure of 800 bar for 1 h. Methanol 

was used as pushing solvent and the slurry was usually prepared 

by using 2-propanol reaching a concentration of 50 mg silica per 

mL. For the packing of tBuCQN modified silica particles 10 % (v/v) 

acetic acid was added to the slurry solvent. In the end, the column 

was rinsed for 12 h with methanol at a flow rate of 0.5 mL/min. 

Prior to column packing, the silica was sieved using a stainless- 

steel sieve of mesh size 25 μm. 

2.5.2. Separation of fatty acid methyl esters by silver ion 

chromatography 

A mixture of 3 different fatty acid methyl esters (FAMEs) with 

same carbon number, but differing in the number of double bonds 

located in the fatty acid residue, was prepared. Therefore, 0.5 

mg/mL methyl oleate, 0.25 mg/mL methyl linoleate and 0.125 

mg/mL methyl linolenate were dissolved in hexane. The mobile 

phase consisted of hexane plus 0.15 % (vol%) ACN and the flow rate 

was adjusted to 0.5 mL/min. 2 μL of the sample were injected onto 

the column and the detection was carried out using a VWD at 210 

nm. 

2.5.3. Separation of cis- and trans-stilbene by silver ion 

chromatography 

A mixture of cis- and trans-stilbene in hexane was prepared 

reaching a concentration of 0.1 mg/mL of the two isomers each. 

The mobile phase consisted of hexane plus 0.15 % (v/v) ACN and 

the flow rate was adjusted to 0.2 mL/min. 2 μL of the sample were 

injected onto the column and the detection was carried out using 

a VWD at 254 nm. 

2.5.4. Separation of chiral compounds by enantioselective HPLC 

In order to evaluate the performance of the tBuCQN contain- 

ing CSPs (SP5-7) a chromatographic chiral separation test was per- 

formed using the chiral acids Ac-Phe, Fmoc-Phe, Z-Phe, DNB-Leu 

and dichlorprop as test substances. Therefore, a mobile phase con- 

sisting of methanol and 50 mM ammonium acetate buffer (80/20; 

v/v) with a pH adjusted to 6 by glacial acetic acid was used. The 

analytes were dissolved in the mobile phase gaining a concentra- 

tion of 0.1 mg/mL. The flow rate was set to 0.5 mL/min and the 

temperature was adjusted to 25 °C. The detection was carried out 

at 254 nm and the injection volume was amounted to 2 μL. 

3. Results and discussion

Synthesis procedures for PMPMS thiol-functionalized silica par- 

ticles as well as quantification of immobilized PMPMS and unre- 

acted sulfhydryl groups 

PMPMS thiol-functionalized silica particles were prepared with 

the goal to achieve a thin PMPMS film and a controlled concen- 

tration of reactive sulfhydryl groups on top of the silica surface. A 

slurry of all reactands (vinylized silica, PMPMS and radical initia- 

tor) in methanol was prepared and after careful mixing the sol- 

vent evaporated to obtain a thin film of PMPMS on the silica sur- 

face. Two different approaches were employed to crosslink the 

PMPMS to the silica surface. Both were based on thiol-ene click re- 

actions between PMPMS as thiol component and vinylized silica (5 

μm, 200 Å, vinyl group content of 3.30 ± 0.03 μmol/m 2 ) as ene- 

component differing in the radical formation step [ 8 , 10 , 22 ]. The 

respective reaction schemes are illustrated in Fig. 1 . In the ther- 

mochemical approach, the radicals were formed by thermally ini- 

tiated decomposition of AIBN ( Fig. 1 a). In the photochemical ap- 

proach, the radicals necessary for the initiation of the radical ad- 

dition reaction were generated by disintegration of DMPA ( λmax ~

330 nm according to ref. [23] ) via UV light irradiation ( Fig. 1 b). The 

final reaction product is the same for the photo-initiated and the 

thermally initiated reactions. After thermally or UV initiated radi- 

cal formation, the radical is transferred from the initiators‘ decom- 

position products to the sulfhydryl groups of the thiol component. 

The formed thiyl radical leads to a hydrothiolation reaction on the 

double bond of the ene-component resulting in the formation of 

a thio ether. Thereby, an intermediate carbon-centered radical is 

generated, which provokes a prolonged reaction by transferring the 

radical to the next sulfhydryl group [24] . In practice, for both ap- 

proaches a thin solid layer of vinylized silica with coated PMPMS 

film containing the radical starter was created at the inner wall of 

a round bottom flask first and the reaction was subsequently initi- 

ated by applying UV light irradiation or heat (60 °C), respectively. 

By using this film method, the PMPMS polymers accumulated on 

the silica surface and due to their liquid nature did not require 

any solvent during the reaction. It means the PMPMS layer was 

anchored to the vinylized silica through formation of thio ethers 

by a solvent-less thiol-ene click reaction. 
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Thereafter, the prepared PMPMS thiol-functionalized silica par- 

ticles were characterized by the total amount of coated PMPMS 

and its percentage of unreacted, free sulfhydryl groups available 

for further modification. The total sulfur (sulfhydryl and thio ether) 

was determined by elemental analysis measurements. Additionally, 

a thiol-disulfide exchange reaction was performed for the purpose 

of quantifying the residual reactive sulfhydryl groups due to the 

loss of information regarding the chemical state of the sulfur as- 

sessed by elemental analysis. The thiol-disulfide exchange reaction, 

used for sulfhydryl monitoring, is depicted in the Suppl. Material. 

DPDS reacts with the sulfhydryls of the modified silica particles 

by fast reaction kinetics to 2-pyridyl thiol. 2-Pyridyl thiol is con- 

verted into its tautomeric thione form and consequently shifts the 

equilibrium to the product side. For this reason, it has been ap- 

proved to be a very reliable method for the quantitative determina- 

tion of sulfhydryl groups, also on solid surfaces. 2-Mercaptoethanol 

was used as reference substance for calibration and 2-pyridyl thiol 

and its corresponding tautomer were finally quantified by HPLC- 

UV/VIS [ 19 , 20 ]. A small number of adjoining sulfhydryl groups 

might be oxidized in the course of the radical addition reac- 

tion resulting in the formation of disulfide bonds. Therefore, the 

PMPMS thiol-functionalized silica particles were treated with TCEP 

(in methanol/50 mM NaH 2 PO 4 (20/80, v/v), with 10-fold molar ex- 

cess of TCEP related to the total sulfur content) for 8 h prior to 

the sulfhydryl group determination in order to reduce the formed 

disulfide bonds and achieve a higher content of free sulfhydryl 

groups. However, there was no significant increase concerning the 

sulfhydryl group content determined with and without treatment 

with TCEP. Hence, it can be concluded that the formation of disul- 

fide bonds during the reaction is not of relevance and the TCEP 

step therefore not required. 

3.1. Optimization of PMPMS thiol-functionalized silica by using a DoE 

approach 

The reaction conditions have to be tuned such that a sufficient 

number of crosslinks to the surface vinyl groups secures the ir- 

reversible covalent immobilization of the PMPMS film but at the 

same time a high concentration of surface sulfhydryls should re- 

main available for further functionalization. For this purpose, a full 

factorial design with 3 levels was chosen to systematically evalu- 

ate and optimize the main factors of the reaction comprising the 

type of radical initiation method (photochemical or thermochem- 

ical), the reaction time and the quantity of PMPMS in the poly- 

merization mixture. In the course of this endeavor, the goal was 

to find the best compromise between a thin PMPMS layer and a 

high sulfhydryl group loading on the silica surface. To this end, 

several synthesis batches were prepared differing in the investi- 

gated factors. The concentration of the radical initiators (DMPA 

and AIBN) were kept constant at 10 mol% (related to the vinyl 

groups in the reaction mixture) except for the conclusive experi- 

ments (#P11-13, #T11-13). The detailed information of the experi- 

mental reaction parameters is given in Table 1 . It is striking that 

the photo-initiated reactions lead to higher PMPMS loadings in 

considerably shorter reaction times compared to the thermally ini- 

tiated ones. For instance, a coverage of 716 μmol sulfur/g PMPMS- 

modified silica (#P8) was achieved within 15 min using the pho- 

tochemical approach. In contrast, the thermochemical approach af- 

forded only 355 μmol sulfur/g PMPMS-modified silica (#T12) after 

30 min under the same conditions. A comparable loading, however, 

was achieved after 60 min (#T7, 711.2 μmol/g) for the thermo- 

chemical approach. This higher reaction kinetics of photo-initiated 

radical addition reactions was already reported for thiol-ene click 

reactions and was the driving force to test this approach in this 

work [25] . Unfortunately, this higher reaction kinetics was associ- 

ated with a decreased free sulfhydryl concentration on the parti- 

Fig. 2. Design of experiment optimization for the synthesis of PMPMS thiol- 

functionalized silica particles considering mainly 3 factors: PMPMS concentration,

reaction time and radical initiation method (photochemical or thermochemical). The

panels on the left side illustrate the total amount of incorporated sulfur (S), the

sulfhydryl group content (SH) and the ratio of sulfhydryl groups to the total incor- 

porated sulfur amount (SH/S) for the photochemical approach. The panels on the

right side show the corresponding results for the thermochemical approach as well.

cle surface ( cf. #P8-9). The highest sulfhydryl group content ob- 

tained by this synthesis approach was 277 μmol/g (#P11). This 

corresponds to around 50 % reactive sulfhydryl groups of the to- 

tal sulfur content and was obtained with a reaction time of only 

2 min. A further reduction of reaction time could lead to a fur- 

ther increase, but in this case also the ratio of thio ethers to free 

sulfhydryl groups might be changed for the worse leading to lim- 

ited stability of the surface bonding. Certainly, a sufficient anchor- 
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Fig. 3. Surface chemistries of the prepared stationary phases SP1-4. All stationary phases are based on #T11 (200 Å, 5 μm, Table 1 ) and were slurry packed into stainless

steel columns of 50 mm x 3 mm size.

ing of the PMPMS layer to the silica via thio ethers is as necessary 

as a high amount of free sulfhydryl groups. 

As the reaction kinetics might also be influenced by the per- 

centage of the radical initiator, it was varied for #P11-13. However, 

there were no considerable differences concerning the outcome. 

Thus, it might be assumed that for the photochemical approach the 

radical initiator content was not of tremendous importance due to 

the high reaction kinetics and a sufficient number of radicals also 

at factor 4 lower initiator concentration. 

For both approaches raising the PMPMS percentage in the reac- 

tion mixture leads to increasing amounts of incorporated PMPMS 

as well. In sharp contrast to the photochemical approach, however, 

the thermochemical approach resulted simultaneously in higher 

sulfhydryl group contents due to its lower reaction kinetics. Ac- 

cording to #T7-9 a maximum incorporation of approximately 710- 

750 μmol/g PMPMS can be achieved using the thermochemical ap- 

proach under the specified conditions (see Table 1 ). On the other 

hand, the ratio of free sulfhydryl groups to thio ethers decreased 

with higher reaction times from 46.3 % for #T7 (60 min) to 26.7 

% for #T9 (180 min). Thus, the reaction time was decreased to 

45 min leading to a final sulfhydryl group loading of 362 ± 14 

μmol/g for #T11. Simultaneously, the percentage of the sulfhydryl 

groups was 56.2 ± 2.8 % of the total incorporated sulfur, which en- 

ables still a satisfying anchoring of the PMPMS layer to the silica 

besides the sufficient availability of unreacted sulfhydryl groups. 

The discussed effects are presented as response surfaces created 

by DoE software MODDE in Fig. 2 . It becomes evident that the 

sulfhydryl group concentration on the surface and the percentage 

of crosslinks to the silica surface can be finely controlled using this 

model. In conclusion, #T11 was used for the preparation of the fur- 

ther investigated chromatographic materials (SP1-SP7). 

3.2. Surface modification of PMPMS-bonded silica for silver ion 

chromatography 

Silver ion chromatography, also well known as argentation 

chromatography, is a technique mainly used for the analysis 

of lipids with normal-phase conditions. In this chromatographic 

mode, lipids are mainly separated according to their number of 

olefinic double bonds of the unsaturated fatty acid residues due 

to the formation of a transient charge-transfer-complex between 

the silver ions adsorbed on the stationary phase and the dou- 

ble bonds of the analytes according to the Dewar-Chatt-Duncanson 

model [26] . Here, the double bonds serve as electron donor from 

the occupied 2 π bonding orbital into the empty 5s and 5p or- 

bitals of the metal ion. Likewise, electrons from the occupied 4d 

orbitals of the metal ion are donated into the free antibonding 2 π ∗

orbitals of the double bond. This combination of σ -donation and 

π-back-bonding interactions stabilizes the formed charge-transfer- 

complex leading to potent retention of unsaturated molecules in 

silver ion chromatography. Thereby, the complexation effect in- 

creases with the number of double bonds and is affected by the 

double bonds ́configuration and position as well [26-30] . 

Four new stationary phases (SP1-4) have been synthesized from 

PMPMS thiol-functionalized silica particles (#T11, Table 1 ; SP1). 

Two stationary phases contained adsorbed silver ions, namely SP2 

and SP4 ( Fig. 3 ). SP2 was generated by directly immobilizing silver 

ions onto the sulfhydryl group rich surface of the PMPMS thiol- 

functionalized silica particles (SP1) due to the interaction between 

silver ions and free non-binding valence electrons of the sulfur 

functionality. For the generation of SP4 the sulfhydryl groups were 

first oxidized by using performic acid prior to the immobilization 

of the silver ions resulting in a sulfonic acid-rich strong cation ex- 

change phase (SP3). It can be loaded with silver ions which are 

bound by strong electrostatic interactions under normal phase con- 

ditions (SP4). The successful oxidation of the sulfhydryl groups 

was indirectly proven by pH-dependent ζ -potential measurements 

via electrophoretic light scattering. Sulfhydryl groups (pK a ~ 9.7 

to 10.5) and sulfonic acid groups (pK a ~ -1.9 to -1.2) differ dra- 

matically in their pK a values resulting in alteration of the sur- 

face charge upon oxidation of SP1 to SP3. As illustrated in Fig. 4 , 

SP1 and SP3 showed both negative ζ -potentials over the entire 

pH range. However, SP3 showed significantly lower ζ -potentials 

than SP1 in the low pH range from 3.5 to 6.5 due to fully dissoci- 

ated acidic sulfonic acid groups. For SP1 the ζ -potentials are deter- 

mined by less acidic functionalities (sulfhydryl and silanol groups), 

which are hardly deprotonated under acidic conditions. The com- 

parable negative ζ -potentials at higher pH values for SP1 and SP3 

are mainly due to the contribution of free acidic silanol groups 

(pK a ~ 6-7), which were completely deprotonated in this pH range. 

The quantity of adsorbed silver ions was determined by 

titration and turned out to be much higher for sulfonic acid- 

functionalized SP4 than for thiol-phase SP2, as can be seen in 

Table 2 . It suggests a stronger affinity of the silver ions for SP4 be- 

cause of the electrostatic interactions between sulfonate moieties 

and silver ions as compared to the dative (coordinative) bond be- 

tween thiol and silver ion of SP2. 
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Fig. 4. pH dependence of ζ -potentials for SP1 and SP3.

Fig. 5. Chromatographic results for SP1-SP4 for the separation of FAME (mobile

phase: hexane plus 0.15 % ACN, flow rate: 0.5 mL/min, detection: 210 nm, injection

volume: 2 μL, sample concentration: 0.5 mg/mL methyl oleate, 0.25 mg/mL methyl

linoleate, 0.125 mg/mL methyl linolenate).

The chromatographic performance of the stationary phases SP1- 

SP4 for the separation of lipids in silver ion chromatography was 

evaluated with a test mixture of three C18 fatty acid methyl es- 

ters differing in the number of double bonds. Thereby, a mixture 

of hexane and acetonitrile as polar modifier was used as eluent. 

The percentage of acetonitrile in hexane was kept below 0.15 % 

(v/v), as hexane and acetonitrile are poorly miscible and eluents 

with more than 1.5 % (v/v) acetonitrile were reported to result in 

reproducibility issues [13] . Unlike SP1-3, SP4 was able to separate 

the three fatty acid methyl esters according to their double bond 

numbers. The respective chromatogram is depicted in Fig. 5 . It is 

noteworthy that there was no separation observed for SP2 indi- 

cating the favorable performance of SP4. Two factors might cause 

this phenomenon. Firstly, the amount of immobilized silver ions 

on SP2 might be inadequate. Secondly, the silver ions might not be 

attached strongly enough to the stationary phase, as there is only 

a weak coordinate bonding to the sulfhydryl groups maybe lead- 

ing to elution of silver ions together with the analytes. However, it 

is unambiguous that the separation was based on the interaction 

with the silver ions, as the fatty acid methyl esters were not sepa- 

rated by SP3. Furthermore, as illustrated in Fig. 6 , SP4 afforded the 

separation of cis- and trans-stilbene as model molecules for cis- 

trans isomerism under the same conditions as well. Hence, it be- 

comes evident that PMPMS thiol-functionalized silica after its oxi- 

dation and subsequent silver ion loading leads to a useful station- 

ary phase for silver ion chromatography. Further improvements of 
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Fig. 6. Chromatographic results for SP4 in silver ion mode for the separation of cis- 

and trans stilbene (mobile phase: hexane plus 0.15 % ACN, flow rate: 0.2 mL/min,

detection: 254 nm, injection volume: 2 μL, sample concentration: 0.1 mg/mL cis- 

stilbene, 0.1 mg/mL trans-stilbene).

resolution are enabled by longer columns, as in this case a column 

of 50 mm x 3 mm was used and commercially available columns 

for silver ion chromatography normally deal with much larger di- 

mensions (e.g. Agilent ChromoSpher Lipids 250 mm x 4.6 mm). 

3.3. Surface modification of PMPMS-bonded silica for enantioselective 

high-performance liquid chromatography 

PMPMS thiol-functionalized silica particles represent a conve- 

nient particle platform for the further introduction of functional 

ligands by thiol-ene click reactions. To this end, tBuCQN was se- 

lected as model ligand to document this type of surface func- 

tionalization and compare the performance of the resultant HPLC 

columns (SP5, SP6; Fig. 7 ) to a benchmark [ 4 , 7 , 31-35 ]. As bench- 

mark, a column of 50 mm x 3 mm size corresponding to the CHI- 

RALPAK QN-AX silica particles (120 Å, 5 μm) was synthesized and 

packed in-house (SP7; Fig. 7 ). The preparation of SP5 and SP6 was 

carried out as described in the experimental section by thermally 

initiated thiol-ene click reaction using two different slurry concen- 

trations differing by factor 2. As can be seen from Table 2 , this 

resulted in a roughly doubled tBuCQN coverage for SP6 (more con- 

centrated slurry; 0.84 ± 0.01 μmol/m 2 ) in comparison to SP5 (0.39 

± 0.01 μmol/m 2 ). Moreover, another series of stationary phases 

were prepared in which the degree of surface vinyl groups of the 

underlying supporting particles was varied. As shown in Table 3 , 

silica was vinylized by using a mixture of varying amounts of vinyl 

trimethoxysilane (VTMS) and BSA to keep the total silane content 

and the degree of surface silanol modification constant. In the fol- 

lowing steps, the prepared vinylized silica particles were function- 

alized with PMPMS and tBuCQN under the same conditions as for 

SP6. The results of PMPMS and tBuCQN incorporation are summa- 

rized in Table 3 and illustrated in Fig. 8 . It can be seen that raising 

the vinyl group content entailed a rising PMPMS coverage and con- 

sequently an increased amount of immobilized tBuCQN. The linear 

increase of PMPMS coating, sulfhydryl and ligand coverage with in- 

crease of VTMS on the supporting particles provides a framework 

to control surface coverage with functional moieties and chromato- 

graphic ligand, respectively. It allows to tune the stationary phase 

for maximal coverage, as favorable for preparative chromatography, 
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Fig. 7. Surface chemistries of the prepared stationary phases SP5-7. SP5 and SP6 are

based on #T11 (200 Å, 5 μm, Table 1 ), whereas SP7 from silica of 120 Å pore size

and 5 μm particle size. All stationary phases were slurry packed into stainless steel

columns of 50 mm x 3 mm size.

Fig. 8. Incorporation of PMPMS and tBuCQN in dependence of the initial vinyl

group content of precursor vinylized silica. The x-axis represents the percentage of

vinylization agent VTMS in the vinylization mixture for the preparation of vinylized

silica. The y-axis shows the ensuing achieved PMPMS coverage plus its sulfhydryl

content and the finally immobilized amount of tBuCQN.

or thin film and low coverage, which gives better chromatographic 

efficiencies. 

SP5 and SP6 were finally chromatographically tested and com- 

pared to SP7 regarding their performance by separating several 

chiral acids in polar organic elution mode ( Table 4 , Fig. 9 ). Enan- 

tioselectivities of all three chiral stationary phases are in the same 

range for all analytes, while retention factors increased signifi- 

cantly with rising selector coverages. This indicates that the re- 

tention of the chiral acids applied in these tests are mainly based 

on the interaction with the chiral ligand, whereas the interaction 

with the siloxane backbone is of minor relevance. However, in 

comparison to the benchmark CSP SP7, the plate numbers for the 

PMPMS coated CSPs SP5 and SP6 are significantly lower result- 

ing in slightly lower resolution. It seems that there is still room 

for further improvement in this regard and thinner PMPMS coat- 

ings should be examined for optimal chromatographic efficiencies. 
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Fig. 9. Chromatographic results for the chiral separation of Fmoc-Phe for SP5-7. The

chiral centre of the amino acid residue is marked by ∗ . The elution order was always 

R < S.

Nevertheless, the polymer based chiral stationary phases showed 

a solid performance and proved the excellent aptitude of PMPMS 

thiol-functionalized silica as platform for the attachment of func- 

tional ligands. 

4. Conclusions

In this work, the preparation of polythiol-functionalized sil- 

ica particles by immobilization of PMPMS via thiol-ene click re- 

action and its further modification for silver ion chromatogra- 

phy and enantioselective high-performance liquid chromatography 

was presented and discussed. Thereby, two different approaches 

of initiation of the radical addition reaction used for the anchor- 

ing of PMPMS to vinylized silica were evaluated. Subsequently, 

elemental analysis and a thiol-disulfide exchange reaction with 

DPDS were utilized to determine the amount of embedded PMPMS 

and the percentage of unreacted sulfhydryl groups. In doing so, 

it turned out that the thermochemical initiation led to more ad- 

equate PMPMS coatings and consequently the optimized polythiol- 

functionalized silica particles were used for further studies. Hence, 

stationary phases for silver ion chromatography and enantioselec- 

tive HPLC were prepared. Thus, after the oxidation of the sulfhydryl 

groups of the polythiol-functionalized silica particles and its ensu- 

ing loading with silver ions, the evolved stationary phase showed 

fine performance with regard to the separation of fatty acid methyl 

esters according to their number of double bonds and the sep- 

aration of cis- and trans-stilbene. The bonding of tBuCQN on 

the PMPMS layer led to stationary phases that worked well for 

the enantioseparation of chiral acids. Conclusively, PMPMS thiol- 

functionalized silica particles were successfully synthesized and its 

suitability for further modification was proven. 
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PART I: Synthesis of modified silica particles 

Fig. S1. Reaction scheme for the synthesis of vinylized silica. 

PART II: Determination of sulfhydryl groups via DPDS assay 
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Fig. S3. Determination of free and accessible sulfhydryl groups via thiol-disulfide 

exchange reaction using DPDS: Quantification of the generated 2-pyridyl thiol and 

its tautomeric thione form via RP-HPLC-UV/VIS (Kinetex 2.6 µm C18 100 Å 50 x 

4.6 mm, mobile phase: A: H2O + 0.1 % FA, B: ACN, gradient: 0-7 min 5-90 % B, 7-

9 min 90-5 % B, 9-15 min 5% B, flow: 0.5 mL/min, detection: 371 nm and 254 nm, 

injection volume: 5 µL, temperature: 25 °C). The peaks were identified by 

hyphenation to an Agilent LC MSD-SL ion-trap mass spectrometer.  

Fig. S4. Determination of free and accessible sulfhydryl groups via a thiol-disulfide 

exchange reaction using DPDS: Calibration line based on 2-mercaptoethanol as 

reference substance with known sulfhydryl group content. The peak area was 

determined by summing the areas of 2-pyridyl thiol and its tautomerized thione form. 



CHAPTER FOUR: PUBLICATION III | 139 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

PART III: Design of experiment approach 

Fig. S5. Observed vs. predicted sulphur (S; sulphur correlates directly with 

PMPMS), sulfhydryl (SH) content and its respective ratio for (a) the photochemical 

approach and (b) the thermochemical approach as calculated by MODDE Pro Ver. 

12.1.0.54.91 from Sartorius Stedim (Umeå, Sweden).  Note that the numbers refer 

to #P1-13 for (a) and #T1-13 for (b) from Table 1. 
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Table. S1. Statistic parameters for DoE models observed vs. predicted sulphur (S), 

sulfhydryl content (SH) and its respective ratio. p > 0.05 was coloured red. 

PART IV: Silver ion chromatography 

Fig. S6. Chromatographic results for SP4 in silver ion mode for the separation of 

FAME with different flow rate than in Fig. 5: (1) methyl oleate, (2) methyl linoleate, 

(3) methyl linolenate (mobile phase: hexane plus 0.15% (v/v) ACN, flow rate: 0.2

mL/min, detection: 210 nm, injection volume: 2 µL, sample concentration: 0.25

mg/mL for each FAME)

Coeff. SC Std. Err. P Conf.int (±) Coeff. SC Std. Err. P Conf.int (±) Coeff. SC Std. Err. P Conf.int (±)
constant 231.838 84.964 0.023 192.204 75.577 48.594 0.154 109.927 38.824 6.416 0.002 14.515
PMPMS 222.121 36.794 0.000 83.234 106.001 21.044 0.001 47.604 9.827 2.779 0.006 6.286

time 76.778 44.009 0.115 99.556 -31.609 25.170 0.241 56.939 -10.008 3.323 0.015 7.518
radical starter 211.143 87.281 0.039 197.446 73.461 49.919 0.173 112.925 -8.555 6.591 0.227 14.911

Coeff. SC Std. Err. P Conf.int (±) Coeff. SC Std. Err. P Conf.int (±) Coeff. SC Std. Err. P Conf.int (±)
constant 379.781 30.509 5.63E-07 69.017 123.396 27.633 0.002 62.510 27.839 5.215 4.69E-04 11.797
PMPMS 257.654 21.365 7.38E-07 48.331 48.945 19.351 0.032 43.775 2.592 3.518 0.496 8.261

time 62.071 24.108 0.030 54.536 -43.533 21.835 0.077 49.395 -9.297 4.121 0.050 9.322
radical starter 69.524 30.828 0.051 69.738 -50.326 27.921 0.105 63.163 -11.524 5.269 0.057 11.920

N=13, DF=9, Q2=0.341, R2=0.717, R2 adj.=0.623, Cond.no.=3.575, RSD=9.869, Conficence=0.95

Thermochemical approach
S SH SH/S

Photochemical approach
S SH SH/S

N=13, DF=9, Q2=0.655, R2=0.835, R2 adj.=0.779, Cond.no.=5.864, RSD=7.697, Conficence=0.95
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PART V: Surface charge characterization 

Fig. S7. pH dependent ζ-potentials for SP5. 

Equ. S1. Von Smoluchowski equation used for the calculation of the ζ-potentials. 

끫뺂ࡱ = ૙ࢿ࡯ ∙ ࢘ࢿ ∙ ࣁࣀ
µE: mobility of a particle 

C: The constant C becomes 2/3 for κr<0.1 (κ, Debye parameter; κ-1, Debye length) 

    (Hückel approximation) and 1 for κr>100 (Smoluchowski approximation). 

εR: relative permittivity 

ε0: permittivity of vacuum 

η: viscosity 
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PART VI: Enantioselective HPLC 

Table S2. Chromatographic results and column performance of tBuCQN based 

stationary phases SP5-7 with different flow rate than in Table 3 (methanol/50 mM 

ammonium acetate buffer (80/20 v/v), pH adjusted to 6, flow rate: 1.0 mL/min, 

detection: 254 nm, temperature: 25 °C, injection volume: 2 µL, sample 

concentration: 0.1 mg/mL).  

k 1
k 2

 α
R

N 1
N 2

k 1
k 2

 α
R

N 1
N 2

k 1
k 2

 α
R

N 1
N 2

D
ic

hl
or

pr
op

1.
86

2.
28

1.
22

1.
03

99
9

88
4

5.
61

6.
74

1.
20

1.
07

78
0

72
4

8.
53

10
.3

3
1.

21
1.

86
18

41
18

50
Ac

-P
he

0.
30

0.
50

1.
64

1.
01

84
3

81
9

0.
92

1.
32

1.
43

1.
28

78
8

72
1

2.
72

3.
75

1.
38

2.
28

15
10

12
90

Z-
Ph

e
1.

80
2.

12
1.

18
0.

68
66

4
61

8
4.

78
5.

47
1.

15
0.

66
55

4
51

3
8.

28
9.

93
1.

20
1.

61
15

49
15

28
Fm

oc
-P

he
5.

29
7.

25
1.

37
1.

84
74

7
73

6
13

.8
8

18
.6

3
1.

34
1.

75
63

7
64

9
18

.0
8

28
.4

8
1.

58
4.

14
14

18
15

31
D

NB
-L

eu
1.

83
23

.6
9

12
.9

1
11

.5
7

87
0

84
2

5.
91

63
.1

4
10

.6
8

10
.7

6
64

4
71

8
12

.7
2

12
2.

64
9.

64
15

.6
1

23
22

14
51

SP
7

SP
5

SP
6



CHAPTER FIVE: PUBLICATION IV | 143 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

IX. CHAPTER FIVE

Controllable organosilane monolayer density of 
surface bonding using silatranes for thiol 
functionalization of silica particles for liquid 
chromatography and validation of microanalytical 
method for elemental composition determination 



144 | CHAPTER FIVE: PUBLICATION IV 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

IX.1 Publication IV – Main Document



Journal of Chromatography A 1653 (2021) 462418

Contents lists available at ScienceDirect 

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma 

Controllable organosilane monolayer density of surface bonding using
silatranes for thiol functionalization of silica particles for liquid
chromatography and validation of microanalytical method for
elemental composition determination

Christian Geibel a , Johannes Theiner b , Marc Wolter a , Markus Kramer c , Wolfgang Lindner d , 
Michael Lämmerhofer a , ∗

a Institute of Pharmaceutical Sciences, Pharmaceutical (Bio-)Analyses, University of Tübingen, Auf der Morgenstelle 8, Tübingen 72076, Germany
b Mikroanalytisches Laboratorium, University of Vienna, Währingerstrasse 42, Vienna 1090, Austria
c Institute of Organic Chemistry, University of Tübingen, Auf der Morgenstelle 18, Tübingen 72076, Germany
d Institute of Analytical Chemistry, University of Vienna, Währingerstrasse 38, Vienna 1090, Austria

a r t i c l e i n f o 

Article history:

Received 7 May 2021
Revised 15 July 2021
Accepted 17 July 2021
Available online 22 July 2021

Keywords:

Silica gel functionalization
Chiral stationary phase
Thiol-ene click reaction
Self-assembled monolayer
Solid-state NMR
Elemental analysis validation

a b s t r a c t 

The present work systematically investigates a new strategy for the functionalization of silica gel us- 
ing alkyl silatrane chemistry instead of alkylsilanes for synthesis of chromatographic stationary phases.
In this work, silica was chemically modified for further functionalization by a thiol-ene click reaction.
Thus, 3-mercaptopropylsilatrane (MPS) was used which is capable to form self-assembled monolay- 
ers (SAM) on top of silanol surfaces in a controlled manner as previously shown for silicon wafers.
The utility of this chemistry for stationary phase synthesis in liquid chromatography was not evalu- 
ated yet. Hence, silica surface modifications using MPS were studied in comparison to established 3-
mercaptopropyltrimethoxysilane (MPTMS) chemistry. First, the employed elemental analysis method was
validated and it showed excellent intra-day and inter-day precisions (typically less than 5% RSD). It could
be shown that the reaction kinetics of MPS was roughly 35-times faster than with MPTMS. After 30 min
reaction time with MPS, the thiol content reached 74% of the maximal coverage. Due to controlled chem- 
istry with MPS, which does not lead to oligomeric siloxane network at the silica surface, the ligand cov- 
erage was lower. However, multiple silanization cycles with MPS led to a dense surface coverage (around
4 μmol m −2 ). 29 Si cross polarization/magic angle spinning (CP/MAS) solid-state NMR revealed distinct 
T 1 /T 2 /T 3 ratios for MPS and MPTMS materials with up to 80% T 3 (indicative for trifunctional siloxane 
linkage) for MPS and around 20% T 3 for MPTMS. This indicates a more homogeneous, thinner mono- 
layer film of MPS on the silica surface, as compared to an irregular thick oligomeric siloxane network
with MPTMS. Bonding of quinine carbamate as chiral selector afforded an efficient chiral stationary phase
(CSP) for chromatographic enantiomer separation. Separation factors were comparable to MPTMS-bonded
CSP, however, chromatographic efficiency was much better for the MPS-bonded CSP. H/u curves indi- 
cated a reduced mass transfer resistance by roughly factor 3 for MPS- compared to MPTMS-bonded CSP.
This confirms better chromatographic performance of surfaces with homogeneous monolayer compared
to network structures on the silica surface which suffer from poor stationary phase mass transfer.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Dedicated surface functionalization of silica particles is a cru- 
cial step in the development of stationary phases for the diverse 
retention principles in liquid chromatography [1] . In a variety of 

∗ Correspondence author.
E-mail address: michael.laemmerhofer@uni-tuebingen.de (M. Lämmerhofer).

chromatographic modes, e.g. octadecylsilica, direct surface modifi- 
cation by a single silanization reaction of silica silanols with mono- 
, di- and trifunctional alkoxy- or chloro-alkylsilanes is a preferred 
approach [ 2 , 3 ]. For other separation principles, e.g. affinity and 
enantioselective LC, it is convenient to attach first a reactive an- 
chor to the silica surface by a vinylization reaction and couple the 
affinity ligand or chiral selector in a second step to the reactive 
particles. Numerous publications have shown the advantage of ei- 
ther thiol or vinyl moieties as reactive groups for further surface 

https://doi.org/10.1016/j.chroma.2021.462418
0021-9673/© 2021 Elsevier B.V. All rights reserved.
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functionalization [ 4 –12 ]. Correspondingly, the thiol-ene click reac- 
tion has gained great popularity for dedicated functionalization of 
stationary phases. Surface coverage and density of the ligand on 
the silica surface, orientation and chemical environment, accessi- 
bility of the ligand’s binding site for the analytes play a major 
role for both thermodynamic and kinetic properties of the station- 
ary phase. Hence, a good control over the surface functionalization 
steps of the porous silica particles is mandatory as it can have a 
major influence on the overall chromatographic performance of the 
resulting column. Uncontrolled functionalization may lead to non- 
ordered and imperfect layers on the silica surface with associated 
negative characteristics such as inaccessibility of thiol groups for 
the thiol-ene click reaction and suboptimal kinetic performance in 
liquid chromatography. 

It is evident that the first stage of silica surface modification is 
a critical step in stationary phase synthesis. Considering the great 
importance, however, only a limited number of articles focused 
on the study of organo-silane monolayer formation on silica sur- 
face [ 3 , 13 ]. It is common understanding nowadays that di- and tri- 
functional silanes under anhydrous conditions lead to monomeric 
phases similar to monofunctional silanes [3] . With trifunctional 
silanes and presence of water in the reaction mixture silane poly- 
merization may occur and these silane polymers may subsequently 
attach to the silica surface affording polymeric phases. If the syn- 
thesis is carried out with trifunctional silanes and humidified silica 
which carries a water monolayer on the surface, the silane poly- 
merization occurs parallel to the silica surface giving a dense self- 
assembled monolayer of polysiloxane coating (horizontal polymer- 
ization) [ 3 , 13 ]. It can be distinguished from the more random ver- 
tical polymerization that results from solution polymerization and 
subsequent multipoint attachment with some silane groups not di- 
rectly attached to the silica surface [13] . Horizontal polymerization 
provides higher density and due to its well-ordered regular sur- 
face structure and good accessibility of the chromatographic ligand 
should provide better chromatographic characteristics and higher 
stability. 

In this work, we address a new way of functionaliza- 
tion of silica particles by silatrane chemistry and compare 
this with the well-established functionalization via trialkoxysi- 
lanes. In particular, 3-mercaptopropylsilatrane (MPS) is used 
as reactive component for the silanization in comparison to 
3-mercaptopropyltrimethoxysilane (MPTMS) as benchmark tri- 
alkoxysilane (see Fig. 1 a). Due to the transannular dative bond be- 
tween silicon and nitrogen, silatranes are more stable towards hy- 
drolysis than their respective trialkoxysilanes, at least in neutral
aqueous solution [14] , which makes the handling of the substance
more convenient. In presence of acid, the reactivity of the silatrane
will be higher due to the increased proton affinity in comparison
to their trialkoxysilane analogues [14] , mainly because of the pen- 
tacoordination of silicon due to the dative N → Si bond [15] . The 
resistance to hydrolytic degradation of the silatrane inhibits the 
formation of a heterogeneous siloxane network on the surface in 
favour for a thin, homogenous monomolecular layer [16] . This in 
turn might be of great advantage for the functionalization of sil- 
ica particles with narrow pores (e.g. 100 Å and smaller) avoiding 
blockage of the pores by polysiloxane network structure. More- 
over, silatrane derivatives are straightforward to synthesize from its 
respective silane counterparts. To our knowledge, this is the first 
study on the silatrane based functionalization of silica particles for 
application in liquid chromatography. In this work, we demonstrate 
the synthesis, reaction kinetics, surface chemistry as elucidated by 
solid-state NMR, characterization by elemental analysis and liquid 
chromatography of MPS functionalized silica particles in compari- 
son to MPTMS-bonded silica after functionalization with a quinine 
carbamate chiral selector. 

(a)

MPTMSMPS

(b)

Silica surface

Silica surface

(c)

(d)

Silica surface

T1

Q3

T2 T3

Q4

T2
T2

T1

T3

T3T3 T2

Fig. 1. Silanization agents for silica particles and tentative surface morphologies.
(a) 3-mercaptopropylsilatrane (MPS) as new functionalization agent of silica sur- 
faces on the left hand side and commonly used 3-mercaptopropyltrimethoxysilane
(MPTMS) on the right hand side. (b) Controlled dense monolayer surface struc- 
ture obtained by MPS-based silanization of silica surface, (c) uncontrolled irregular
oligomeric siloxane structure postulated by silanization with MPTMS [17] , and (d)
possible monomeric siloxane bondings in accordance to what is typically claimed
by the literature for trifunctional silanes reacted under anhydrous conditions such
as expected for the present MPTMS silanization. For explanation, see text.

2. Experimental

2.1. Materials 

Spherical silica particles (Kromasil, 3 μm, 100 Å, specific 
surface area 300 m 2 /g) were supplied by Eka Chemicals (Bo- 
hus, Sweden), superficially porous silica particles (SPP) (Halo Sil 
2.7 μm, 90 Å, specific surface area 125 m 2 /g) were supplied 
by Advanced Materials Technologies (Wilmington, DE, USA). 3- 
Mercaptopropyltrimethoxysilane was obtained from ABCR Chem- 
icals (Karlsruhe, Germany). tert -Butylcarbamoylquinine was syn- 
thesized in-house, using quinine from Buchler (Braunschweig, 
Germany) and tert -butyl isocyanate as well as dibutyltin di- 
laurate from Sigma Aldrich (Munich, Germany). Sodium hy- 
droxide, anhydrous toluene, 4-dimethylaminopyridine (DMAP), 
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N -[(9H-fluoren-9-ylmethoxy)carbonyl]-phenylalanine (FMOC-Phe), 
azobis(isobutyronitrile) (AIBN), tri- tert -butylbenzene (TTBB), 2,2’- 
dipyridyl disulfide (DPDS), 2-mercaptoethanol, formic acid (FA, an- 
alytical grade), acetic acid (AA, analytical grade), ammonium ac- 
etate and acetonitrile (ACN, HPLC grade) were also purchased from 

Sigma Aldrich. MilliQ water was purified by using an Elga Pure- 
Lab Ultra Purification System (Celle, Germany). All empty stainless 
steel columns were supplied by Bischoff Chromatography (Leon- 
berg, Germany) and had the dimensions of 50 mm × 3 mm i.d.. 
Porosity determination was carried out by inverse size-exclusion 
chromatography (ISEC) using the “ReadyCal Kit Polystyrene” by PSS 
Polymer Standards Service GmbH (Mainz, Germany) with twelve 
distinct molecular weights (370, 1,306, 3,470, 8,680, 17,600, 34,800, 
66,0 0 0, 130,0 0 0, 277,0 0 0, 552,0 0 0, 1,210,0 0 0 and 2,520,0 0 0 Da). 

2.2. Instrumentation 

All columns were packed using a Smartline pneumatic pump, 
model 1950, supplied by Knauer (Berlin, Germany). ISEC measure- 
ments as well as H/u-curve recordings were conducted on an Ag- 
ilent 1290 Infinity series liquid chromatographic system from Ag- 
ilent Technologies (Waldbronn, Germany), equipped with a binary 
pump, a thermostatted column compartment, a UV diode array de- 
tector and an autosampler. The detector was equipped with a Max- 
Light ultralow dispersion cartridge flow cell with an inner volume 
of 0.6 μL. Furthermore, to reduce the extra column volume an ul- 
tralow dispersion needle seat assembly and connecting capillaries 
with 0.075 mm inner diameter (autosampler to column compart- 
ment, 350 mm length; column compartment to detector, 250 mm 

length) were installed. For elemental analysis, the elemental anal- 
yser EA 30 0 0 CHNS-O from EuroVector SpA (Milan, Italy) was used. 
Solid-state NMR spectra were acquired on a Bruker Avance III HD 

300 XWB spectrometer and soluble samples on a Bruker Avance III 
HDX 400 spectrometer (Bruker, Rheinstetten, Germany). Data were 
processed with Bruker TopSpin 4.0.8 software. 

2.3. Solid-state NMR 

Double bearing zirconia rotors were used for 13 C as well as for 
29 Si cross polarization (CP)/magic angle spinning (MAS) NMR anal- 
ysis. Thereby, the spinning rate was set to 80 0 0 Hz for 13 C-NMR 
and 40 0 0 Hz for 29 Si-NMR experiments. The 90 ° proton pulse was 
set to 2.5 μs for 13 C and 3.3 μs for 29 Si, the CP contact time was 
2 ms for 13 C and 5 ms for 29 Si and the relaxation delay 2 s for 
both nuclei. 

2.4. Elemental analysis 

For the determination of the C/H/N/S content of the modified 
silica gel, 3 to 4 mg of the particles were filled into a tin capsule 
and left to be oxidized by the elemental analyser. Standard pa- 
rameters for C/H/N/S-analysis were applied. Analytes CO 2 , H 2 O, N 2 
and SO 2 were generated by flash combustion and micro-Dumas- 
reduction and online separated by gas chromatography using he- 
lium (quality 5.0) as carrier gas. The products were detected using 
a thermal conductivity detector (TCD). 

Quantification was done using peak areas and calibrating rel- 
ative to sulphanilamide and 2,5-bis(5- tert -butyl-2-benzo-oxazol-2- 
yl) thiophene (BBOT) standards analysed repeatedly during the 
same analysis run. Only NIST-certified reference material was used. 
Blank values for C, H and N were registered for empty tin vials. A 

zero blank for S was defined as qualification proof. The linearity of 
sensitivity was verified as replicates at 2 to 10 mg sample weight 
did not show any mass correlation in the analysis results. 

2.4.1. Preparation of quality control (QC) sample 

For the preparation of the QC sample by adsorptive bond- 
ing of a thiolated quinine carbamate selector with a tar- 
geted selector coverage of 10 0 μmol/g, 30 0 mg bare silica and 
47.2 mg 10,11-dihydro-11-[(2-hydroxyethyl)thio]-9-[ N -( tert -butyl- 
)carbamoyl]-cinchonan-9-ol were added to a 10 mL round bottom 

flask together with 2 mL of toluene and 3 mL of methanol. The 
mixture was sonicated for 30 min, after which it was gently stirred 
overnight (~ 18 h). Afterwards, the solvent was removed by ro- 
tary evaporation. The product was then dried in a vacuum oven 
(-700 mbar, 60 °C) for two days before it was subjected to elemen- 
tal analysis. Bare silica as negative control was dried in a vacuum 

oven (-700 mbar, 60 °C) for two days and subjected to elemental 
analysis as well. 

2.5. Silanization (synthesis of thiol silicas) 

2.5.1. Synthesis of 3-mercaptopropyl-modified SPP silica for validation 

of EA 

Halo Sil 2.7 μm, 90 Å (1.5 g) was dried at 60 °C under re- 
duced pressure and then suspended in 75 mL toluene. 30 mL of 
toluene were distilled off to remove water azeotropically. After- 
wards, 450 μL MPTMS (1.5 mmol/g silica) and 20 mg of DMAP 
(0.1 mmol/g silica) were added. The reactor was flushed with nitro- 
gen for 10 min and left stirring at 110 °C under reflux. Afterwards, 
the slurry was filtered using a glass funnel (porosity 5). Washing 
steps with boiling toluene and boiling methanol were performed 3 
times each. Subsequently, the silica gel was dried in a drying oven 
at 60 °C under atmospheric pressure for 15 h and afterwards at 
60 °C in a vacuum oven. 

2.5.2. Synthesis of 3-mercaptopropylsilatrane (MPS) 

For the synthesis of 3-mercaptopropylsilatrane (MPS), the pro- 
cedure of Ref. [17] was followed with slight modifications. An- 
hydrous toluene was used as solvent. Equimolar amounts of 
3-mercaptopropyltrimethoxysilane (MPTMS) and triethanolamine
(17.76 mmol each, corresponding to 3.3 mL MPTMS and 2.36 mL
triethanolamine) were dissolved in 30 mL toluene. After adding
5 mg NaOH, the solution was heated to reflux for 30 h. Subse- 
quently, the mixture was left cooling down to room temperature 
and slowly dropped into n-hexane in a beaker inducing crystalliza- 
tion. After complete crystallization, the white crystals were dried 
for three days at 60 °C in vacuum. 1 H-NMR showed a purity of 
96%. 1 H-NMR [CDCl 3 , 400 MHz]: δ (ppm) = 0.47 (m, 2H), 1.31 (t, 
J = 7.99 Hz, 1H), 1.70 (m, 2H), 2.49 (q, J = 7.65 Hz, 2H), 2.78 (t, 
J = 5.82 Hz, 2H), 3.74 (t, J = 5.82 Hz, 2H). 13 C-NMR: δ (ppm) 
57.75 (CH 2 ), 51.12 (CH 2 ), 30.47 (CH 2 ), 28.37 (CH 2 ), 15.73 (CH 2 ). 
29 Si-NMR: δ (ppm) -67.01 (RSiO 3 ). NMR data for MPTMS gave the 
following values: 1 H-NMR [CDCl 3 , 400 Hz]: δ (ppm) 0.73 (m, 2H), 
1.31 (t, J = 7.93 Hz, H), 1.70 (m, 2H), 2.52 (q, J = 7.44 Hz, 2H), 3.55 
(s, 9H). 13 C-NMR: δ (ppm) 50.57 (CH 3 ), 27.57 (CH 2 ), 27.45 (CH 2 ), 
8.23 (CH 2 ). 29 Si-CP/MAS-NMR: δ (ppm) -42.52 (RSiO 3 ). 

2.5.3. Determination of reaction kinetics 

For the determination of the reaction kinetics of MPS in com- 
parison to MPTMS, the reaction with both silanes was carried out 
under comparable conditions. 5 g bare silica gel (3 μm, 100 Å) 
was dispersed in 15 mL anhydrous toluene. After adding of 10 mg 
DMAP and 8 mmol of MPS (or MPTMS, respectively), the reaction 
vessel was heated to reflux under mechanical stirring. The mixture 
was allowed to react for 7 h. After 30 min, 1, 2 and 4 h, samples 
(1 mL) were drawn, having a total of 5 measuring time points per 
reaction. All samples were washed with boiling toluene and boiling 
methanol three times each and dried overnight at 60 °C in a vac- 
uum oven. The samples were subsequently subjected to elemental 
analysis (C/H/N/S). 
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Table 1

Validation of elememental analyses method: Intra-day and inter-day precisions.

coverage
[μmol/m 2 ]

intra-day precision inter-day precision

σ [%] σ [%]

day 1 day 2 day 3

C H N S C H N S C H N S C H N S

low range
(tBuCQN- 
TP-SPP)
3

0.00 ± 0.00 1 2.25 5.88 - 3.70 0.55 21.10 - 1.37 0.32 0.00 - 3.22 0.66 6.15 - 2.50
0.11 ± 0.00 1 1.18 5.75 3.96 2.24 1.05 7.53 3.91 0.67 0.59 2.71 3.21 0.70 0.59 4.40 8.81 1.48
0.13 ± 0.00 1 1.63 1.17 3.45 0.31 1.28 1.14 1.34 1.88 0.93 0.00 4.25 1.72 1.21 1.78 2.73 1.11
0.16 ± 0.01 1 0.45 3.40 2.37 2.24 0.26 1.16 2.16 0.87 0.52 1.19 4.33 2.06 0.40 2.68 4.57 1.61
0.18 ± 0.00 1 0.62 1.89 3.14 2.05 0.00 1.89 0.49 0.92 0.46 1.15 1.89 1.78 0.53 2.95 3.51 0.98
0.22 ± 0.00 1 0.88 2.96 2.42 1.89 0.24 1.10 0.60 0.73 0.49 0.00 1.90 0.32 0.35 3.46 3.01 1.35

high range
(tBuCQN- 
TP-FPP)
3

0.56 ± 0.01 2 0.75 0.75 3.77 1.56 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
0.67 ± 0.01 2 0.92 1.84 4.22 0.94 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
0.88 ± 0.03 2 1.64 3.12 7.37 3.01 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
1.85 ± 0.05 2 1.30 2.29 9.75 3.01 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
2.36 ± 0.06 2 0.81 1.56 3.53 2.92 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
0.95 ± 0.02 2 0.79 0.56 0.73 2.19 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
1.10 ± 0.02 2 0.65 0.94 0.50 2.19 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
1.21 ± 0.04 2 0.60 0.53 0.29 3.98 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
1.24 ± 0.01 2 0.45 0.55 1.52 0.70 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
1.33 ± 0.03 2 0.00 0.53 0.00 2.68 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

quinidine
sulfate
(adsorbed
to silica)

0.07 ± 0.00 1 0.71 1.38 1.58 0.71 0.56 1.81 2.22 0.15 1.70 3.23 0.52 1.96 0.21 1.27 - 0.94
0.13 ± 0.00 1 0.29 1.18 1.43 0.16 1.08 1.24 1.85 1.49 0.50 5.83 2.12 0.73 0.13 2.90 14.31 1.76
0.40 ± 0.00 1 0.39 1.83 0.72 0.69 0.51 2.25 0.42 1.65 0.26 3.30 0.82 0.35 0.09 2.72 7.56 0.63
0.59 ± 0.00 1 0.37 1.01 0.13 0.62 0.89 1.87 1.14 0.00 2.58 2.43 1.80 0.97 1.33 1.35 5.99 1.31
1.18 ± 0.01 1 0.99 1.10 0.66 0.58 0.24 0.27 0.58 0.18 0.27 0.78 0.19 0.33 0.68 0.51 2.47 2.36

1 selector coverage referred to nitrogen content
2 selector coverage referred to sulfur content
3 SPP, superficially porous particles; FPP, fully porous particles

2.5.4. Optimization of MPS-based surface functionalization 

To further optimize the surface functionalization, different con- 
ditions for the hydrolysis step were tested. Hydrolysis was car- 
ried out with MeOH/H 2 O (80/20; v/v) + 0.1% (v/v) FA, MeOH/H 2 O 

(50/50; v/v) + 0.1% (v/v) FA, MeOH/H 2 O (20/80; v/v) + 0.1% (v/v) 
FA, MeOH/0.1 M HCl (50/50; v/v) and isopropanol/H 2 O (20/80; 
v/v) + 0.1% (v/v) FA, each of those experiments was conducted in 
reflux for four hours. Furthermore, multiple alternate hydrolysis/re- 
functionalization cycles with MPS were performed with up to four 
cycles to see if the sulfur loading can be further increased. 

2.6. Preparation of chiral stationary phases 

Further modification of the thiol functionalized silica was per- 
formed with tert -butylcarbamoylquinine (tBuCQN) as selector, syn- 
thesized according to the protocol published in Ref. [18] . The im- 
mobilization of the chiral selector tBuCQN on thiol silicas followed 
the protocol reported by Maier et al. [ 19 , 20 ]. 

2.6.1. Stationary phase synthesis by thiol-ene click reaction for 

validation of EA 

Five samples of CSP with defined tBuCQN selector amount on 
3-mercaptopropyl-modified SPP were synthesized. Thus, 250 mg
of the MPTMS modified silica gel and 6.62, 13.24, 19.86, 26.48
and 39.72 mg tBuCQN, respectively, were suspended in 50 mL
methanol. Together with 10 mol% AIBN (related to the ene compo- 
nent tBuCQN), the mixture was held under reflux for 8 h while be- 
ing gently stirred. Washing steps with boiling toluene and boiling
methanol while filtering through a glass funnel, porosity 5, were
performed three times each. Subsequently, the slurry was left for
drying overnight in a drying oven (60 °C, atmospheric pressure)
and subsequently for 24 h at 60 °C in a vacuum oven. The results
of the elemental analysis are summarized in Table 1 .

2.6.2. Thiol-ene click reaction of tBuCQN and thiol functionalized 

silica 

For the loading of the modified silica gel with selector, 1 g 
of the modified silica gel (either modified with MPTMS or MPS, 
respectively) was suspended in 10 mL methanol. After adding 
255 mg (0.6 mmol) tBuCQN and 5 mg azobis(isobutyronitrile), the 
suspension was heated to reflux under mechanical stirring for 7 h. 
Afterwards, the mixture was left cooling down to room tempera- 
ture, transferred to a glass filter funnel (porosity 5) and washed 
with boiling toluene and boiling methanol, three times each. To fi- 
nalize the synthesis, the product was dried in a vacuum oven at 
65 °C overnight. 

2.7. Inverse size exclusion chromatography (ISEC) for porosity 

determination 

To get a deeper insight on the particle’s surface morphology, 
the determination of both the internal and external porosity of 
the stationary phase, in this case bare silica, MPS-functionalized 
as well as MPTMS-functionalized silica was conducted. To do so, a 
polymer kit with defined molecular weights of 12 different poly- 
mers was used. Those polymers were divided into three samples 
and diluted with THF to a concentration of 1.0 mg/mL (except for 
2,520,0 0 0 Da and 1,210,0 0 0 Da: 0.5 mg/mL). Void volume marker 
was tri- tert -butylbenzene (TTBB, concentration: 1 mg/mL), mobile 
phase was 100% THF. The flow rate was set at 0.05 mL/min, injec- 
tion volume was 0.5 μL, detection wavelength was 254 nm and the 
column temperature was set to 30 °C. After measuring each sam- 
ple in triplicates, the cubic root of the polymer’s molecular weight 
was plotted against the elution volume (adjusted for the extra col- 
umn volume) [21] . Accordingly, two specifiable lines are visible 
after linear regression, which indicate the excluded (steeper line) 
and included polymers (flatter part). By finding the intersection 
between both regression lines, the interstitial (or external) volume 
( V e ) can be defined [22] . V 0 stands for the void volume (elution 
volume of TTBB), V col is the geometrical volume of the empty, un- 
packed column which can be calculated by V col = π r 2 L ( r = radius, 

148 | CHAPTER FIVE: PUBLICATION IV 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 



C. Geibel, J. Theiner, M. Wolter et al. Journal of Chromatography A 1653 (2021) 462418

L = length). From those values, the porosities can be derived. Ex- 
ternal ( ε e ) and total porosity ( ε t ) were determined by Eq. (1a ) and 
( 1b ). 

ε e = 
V e

V col 
(Eq. 1a) 

ε t = 
V 0
V col 

(Eq. 1b) 

The internal porosity can be calculated from the difference of 
the total porosity and the measured external porosity by ( Eq. (2 )): 

ε i = ε t − ε e = 
V 0
V col 

−
V e

V col 
(Eq. 2) 

2.8. H/u curve recording and mass transfer resistance comparison 

H/u curves were recorded using N -[(9H-fluoren-9- 
ylmethoxy)carbonyl] (FMOC) protected phenylalanine as analyte. 
For the MPTMS-bonded CSP the mobile phase was methanol/acetic 
acid/ammonium acetate (98/2/0.5, v/v/w). For the MPS-bonded 
CSP the mobile phase was adjusted to isoelutropic conditions 
by diluting the above-mentioned mobile phase with methanol. 
Flow rates ranged from 0.015 mL/min to 2.5 mL/min. Sixteen (16) 
data points were recorded. The total pressure was kept under the 
packing pressure of 800 bar during the measurements. A-, B-, and 
C-term were calculated by non-linear regression using the Van
Deemter model.

2.9. Determination of reactive thiol groups on the silica surface by 

DPDS-assay 

Reactive and accessible sulfhydryl groups on the silica surface 
were determined by performing a thiol-disulfide exchange reac- 
tion with 2,2’-dipyridyl disulfide (DPDS) [ 10 , 23 , 24 ]. For this pur- 
pose, typically, 10 mg of thiol-funtionalized silica particles were 
suspended in 1 mL 0.1 M DPDS solution (in ACN) within a micro 
centrifuge tube which was impervious to light. After vigouros shak- 
ing for 3 h the tubes were centrifuged and the supernatant was 
diluted with ACN in a ratio of 1 to 10. Subsequently, pyridine-2- 
thiol and 1,2-dihydropyridine-2-thione formed in the course of the 
disulfide exchange reaction were quantified by RP-HPLC-UV/Vis. 2- 
Mercaptoethanol was used as calibrant for the preparation of the 
calibration function due to its known thiol group content. 

3. Results and discussion

3.1. Validation of elemental analysis 

Elemental analysis (EA) of the bonded silica materials was car- 
ried out for the determination of the surface coverage of sulfur. 
Typical measurement uncertainties of microanalytical EA of organic 
surface bondings on inorganic materials such as modified silica 
particles are scarcely reported. In this research the validity of the 
results is greatly relying on the validity of the EA data. In order to 
get an idea about the reliability of EA for this purpose, in particular 
in the low surface concentration range which is of relevance in the 
course of a kinetics study of silatrane in comparison to alkoxysi- 
lane chemistry, a series of thiol-modified silicas with distinct con- 
trolled 3-mercaptorpropyltrimethoxysilane modification was syn- 
thesized and the intra-assay and inter-day precision of EA deter- 
mined. The results are summarized in Table 1 . 

It can be seen that the repeatability of the elemental analysis is 
mostly exceptional in spite of the low content of the determined 
elements on the inorganic silica backbone. Intra-day precisions for 
carbon (which was present in a range between 1.7 and 14%) were 
less than 2.6% RSD, for hydrogen (determined in the range between 
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Fig. 2. Reaction kinetics of MPS and MPTMS silanization. (a) Sulfur coverage plotted
in dependence on the reaction time. (b) Linearized form. For the determination of
the rate constant k , a linearization of the obtained data was performed. Lineariza- 
tion was done by subtracting the sulfur coverage at a given reaction time t, θ t from
the maximum sulfur coverage θmax followed by a logarithmic calculus. Plotting this
result versus the reaction time allows to derive k from the slope, which in turn
gives access to the half-time. (c) Plot of 1/( θmax - θ t ) against reaction time for the
determination of k and reaction half-time, as MPS seems to show second order ki- 
netics.
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Table 2

Validation of elemental analysis method: accuracy.

target
coverage

theoretically expected experimental accuracy precision (intra-day)

[%] [%] [%] RSD [%]

μmol/m 2 C H N S C H N S C H N S C H N S

QC Bare
Silica

0 0.00 0.24 0.00 0.00 0.76 ± 0.01 0.62 ± 0.01 < 0.03 0.01 ± 0.00 - - - - 1.3 1.6 - < 0.1

QC 100 3.12 0.99 1 0.42 0.32 3.35 ± 0.07 0.82 ± 0.01 0.40 ± 0.01 0.28 ± 0.00 107.3 ± 2.2 82.8 ± 1.0 95.2 ± 2.4 87.3 ± 0.0 2.1 1.2 2.5 < 0.1 

1 values for H adjusted for hydrogen values in bare silica

Table 3

Overview on the results of the elemental analysis of the MPTMS-derivatized silica and the first cycle of the MPS-derivatized silica.

reaction C H N S N S N S k t 1/2
type time [min] % % % % μmol/m 2 μmol/m 2 μmol/g μmol/g min −1 min

MPTMS 30 1.33 ± 0.004 0.68 ± 0.068 0.00 ± 0.000 0.54 ± 0.015 0.00 0.56 0 167 0.0018 ± 0.00015 389 ± 32 
60 1.58 ± 0.004 0.71 ± 0.073 0.00 ± 0.000 0.65 ± 0.005 0.00 0.67 0 202
120 1.90 ± 0.011 0.72 ± 0.070 0.00 ± 0.000 0.85 ± 0.002 0.00 0.88 0 265
240 3.28 ± 0.012 0.88 ± 0.035 0.00 ± 0.000 1.78 ± 0.010 0.00 1.85 0 556
420 4.00 ± 0.002 0.94 ± 0.009 0.01 ± 0.001 2.27 ± 0.024 0.03 2.36 9 708

MPS 30 4.07 ± 0.035 1.0 ± 0.019 0.46 ± 0.005 0.92 ± 0.016 1.10 0.95 331 286 0.057 ± 0.0024 11 ± 1 
60 4.38 ± 0.081 1.04 ± 0.041 0.51 ± 0.003 1.06 ± 0.020 1.22 1.10 367 330
120 4.49 ± 0.050 1.06 ± 0.009 0.52 ± 0.001 1.16 ± 0.043 1.24 1.21 371 362
240 4.76 ± 0.055 1.10 ± 0.015 0.59 ± 0.001 1.19 ± 0.056 1.41 1.24 422 371
420 4.98 ± 0.011 1.11 ± 0.004 0.63 ± 0.002 1.28 ± 0.028 1.49 1.33 447 398

0.4 and 2%) less than 8%, for nitrogen (present in a range between 
0 and 1.5%) less than 10% and for sulfur (analyzed in a range of 0.5 
and 3.7%) less than 4%. Corresponding inter-day precisions were 
< 1.3% (C), < 7% (H), < 15% (N), and < 2.5% (S). 

Table 2 shows the validation results of accuracy determined as 
% recovery for the different elements of the prepared quality con- 
trol (QC) material. Accuracies range from 95 ± 2% (for N) over 
107 ± 2% (for C), to 87 ± 0% (for S) and are all in the acceptable 
range of up to ± 15% bias. For H, the bias is a bit larger but still 
within ± 20% (accuracy 82.8 ± 1.0%); however, H is anyway usu- 
ally not considered in surface coverage determination. Especially 
for nitrogen, which is usually used to determine the selector load- 
ing (when the selector contains nitrogen) we observe high accu- 
racy (~5% bias). The results also document that the sulfur deter- 
mination is valid and reliable enough for the quantification of the 
functionalization yield in the present work with sulfur-containing 
MPS. 

It can be concluded that the elemental analysis on the inorganic 
backbone gives, in spite of low elemental percentages, highly reli- 
able values with satisfactory intra-day and inter-day precision as 
well as accuracy within common acceptance limits and is there- 
fore suitable to determine surface bonding densities and selector 
coverages, respectively, reliably over a wide range. 

3.2. Silanization 

3.2.1. Reaction kinetics of surface silanization 

Two identical synthesis batches but once with MPTMS and once 
with MPS as silanization reagent were run for the study of the 
reaction kinetics of the two distinct silanes. A sample was taken 
in regular time intervals (0.5, 1, 2, 4, 7 h reaction time). The re- 
sults of the EA are summarized in Table 3 . MPTMS derivatization 
gave higher final sulfur coverages after 7 h reaction time reach- 
ing about 700 μmol sulfur per g silica. In sharp contrast, MPS 
derivatization reacts much faster; after 30 min a surface cover- 
age of 286 μmol/g could be reached (vs 168 μmol/g) correspond- 
ing to a 70% higher coverage than with MPTMS. However, after 
120 min of reaction time no further increase of the sulfur content 

was found with MPS (see Fig. 2 ). A maximal surface coverage of 
approximately 400 μmol/g resulted with MPS as compared to the 
700 μmol/g with MPTMS. This is surprising but could be explained 
by a controlled monolayer formation with MPS ( Fig. 1 b), while on 
contrary an uncontrolled oligomeric siloxane surface structure may 
be formed with MPTMS ( Fig. 1 c). In fact, this is in agreement with 
findings of surface modification on silicon wafers with these two 
reagents under anhydrous conditions. Surface roughness was found 
to be 4-fold higher with MPTMS-modified samples than that of 
MPS [17] . However, as discussed in the introduction, in the liter- 
ature it is claimed that trifunctional silanes react under nonaque- 
ous conditions to give monomeric bondings ( Fig. 1 d). In our opin- 
ion, the structure shown in Fig. 1 c is more likely to be formed 
in comparison to the one depicted in Fig. 1 d. On the one hand, 
oligomeric structures and thicker layer were shown to occur for 
MPTMS on the surface of silicon wafers [17] . Traces of water in the 
reaction mixture may lead to the formation of complex oligomeric 
structures which then, due to hindered accessibility to the surface 
silanols, slowly attach to the surface. So the slow reaction kinetics 
itself may be an indication for the formation of oligomeric siloxane 
aggregates on the silica surface as schematically depicted in Fig. 1 c. 
Furthermore, high sulfur loadings in combination with low T 3 sig- 
nals in 29 Si CP/MAS solid-state NMR ( vide infra ) are in support of 
a chaotic, oligomeric structure instead of an ordered, perforated, 
monomolecular layer (as shown in Fig. 1 d) when using MPTMS 
(see Table 3 for EA and Fig. 4 for NMR results). 

Next, the reaction kinetics was determined. The reaction rate 
follows a second order kinetics according to Eq. (3a) 

Rate = 
d [ AB ] 
dt 

= k [ A ] [ B ] (Eq. 3a) 

wherein [A], [B] and [AB] are the surface silanol, MPS or MPTMS 
and product concentrations, respectively, and k the reaction rate 
constant. Since silanols and reactands are present in about the 
same concentration, which allows to simplify the situation to the 
integral form of the rate law according to Eq. (3b ). 

1 
[ A ] t 

= 
1

[ A ] 0 
+ kt (Eq. 3b) 
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[ A ] 0 is the silanol concentration at the start of the reaction and 
is, assuming a stoichiometric reactivity between silanol and MPS 
in accordance to Fig. 1 b, equivalent to the maximal thiol surface 
coverage θmax . [ A ] t is the free silanol concentration at time t and 
can thus be written as θmax – θt (with θt being the coverage of 
silica with MPS or MPTMS). If this is the case, a plot of 1/( θmax –
θt ) versus t should give a straight line with a positive slope k . 

On the other hand, for the determination of the reaction rate 
constants, a pseudo first-order kinetics could be assumed, e.g. if 
not all silanols are accessible and thus the reagent is in reason- 
ably large excess, in accordance to Ref. [17] . In this case, the con- 
centration of the reagent can be assumed as constant and the re- 
action rate depends on the concentration of available silanols [A]. 
The general differential form of the rate law for (pseudo) first or- 
der kinetics can be written as Eq. (3c) 

Rate = −
d [ A ] 
dt 

= k [ A ] (Eq. 3c) 

or in its integral form 

ln [ A ] t = ln [ A ] 0 − kt (Eq. 3d) 

[ A ] 0 and [ A ] t can be again substituted by θmax and θmax – θt , 
respectively. A plot of ln ( θmax – θt ) versus t will yield a straight 
line with the slope –k . 

To solve this equation for the rate constant k , a value for the 
maximum sulfur coverage must be derived. This is readily possible 
by applying a Langmuir isotherm model which gives access to θmax 

(Eq. 4). 

θt = 
θmax · K ·C t 

1 + K ·C t 
(Eq. 4) 

wherein C t refers to the equilibrium concentration of MPS or 
MPTMS at time t for this chemisorption process (i.e. reactant not 
bound to silica) and K to the equilibrium constant. Having deter- 
mined k from Eq. (3b ) to ( 3d ) the half-life of the reaction can be 
calculated by Eq. (5) 

t 1 / 2 = 
ln ( 2 )
k 

(Eq. 5) 

The non-linear fit afforded surface coverages θmax of 
4.4 ± 1.1 μmol/m 2 (1329 ± 318 μmol/g) for the functionaliza- 
tion with MPTMS and 1.33 ± 0.02 μmol/m 2 (340 ± 5 μmol/g) for 
its silatrane counterpart with satisfactory quality of fit (R 2 value 
of 0.966 for MPTMS and 0.998 for MPS). It is evident from Fig. 2 a 
that the plateau is reached much faster with MPS. Apparently, the 
excess of MPS was too low to validly assume a pseudo fist order 
kinetics which on the other hand seems to be valid for MPTMS. 
The linearization, as shown in Fig. 2 b, shows a poor model fit for 
MPS. For this reason, a linearization for a second order kinetics 
was assumed. Here, 1/( θmax - θ t ) was plotted against time. By 
doing so, rate constants k of 0.0018 min −1 for MPTMS (from 

pseudo 1st order model) vs 0.061 min −1 for MPS (from 2nd order 
model) have been calculated corresponding to a reaction half-life 
of 389 min for the former and only 11 min for the latter ( Table 3 ). 
Thus, the functionalization with MPS can be performed roughly 35 
times faster than with MPTMS. On the other hand, the maximal 
surface coverage with MPS is lower than with MPTMS, but this 
is not necessarily a disadvantage as separation factors do not 
increase linearly with selector coverages. 

3.2.2. Thiol silica surface chemistry and phase characterization by 
29 Si and 13 C CP/MAS solid state NMR 

If we look at the EA results of Table 3 , it is striking that in 
case of MPS silanization approach a nitrogen coverage equiva- 
lent to the sulfur surface concentration is obtained after the re- 
action. This could indicate an incomplete, only mono- or biva- 
lent bonding of the MPS to the silica particles with a residual tri- 

ethanolamine residue on the silane (see Fig. 3 , reaction product 
A). Hence, an acidic hydrolysis step of the modified silica parti- 
cles with MeOH/water (80/20, v/v) containing 0.1% (v/v) FA was 
subsequently carried out to cleave the triethanolamine moiety (see 
Fig. 3 , B). A second cycle of silanization and hydrolysis was then 
carried out with MPS ( Fig. 3 , C). To better understand the surface 
chemistry, CP/MAS solid-state NMR spectra were acquired and the 
modified silica gels also subjected to EA ( Table 4 a). It can be seen 
that the first hydrolysis cycle (H1 in Table 4 a) did not alter the sul- 
fur coverage while the nitrogen was largely hydrolytically cleaved. 
The second silanization cycle (F2) brought a significant increase in 
sulfur content (from 1.31 to 3.98 μmol/m 2 ) and a similar nitrogen 
content as in the first silanization cycle. It appears that a dense 
layer of 3-mercaptopropyl-functionalities is obtained on the silica 
surface, approximating the maximal surface coverage that, accord- 
ing to text books [25] , can be achieved by small silanes (note, ca. 
4 out of 8 μmol silanols per m 2 silica surface modifiable by small 
silanes). After hydrolytic cleavage, again the majority of the nitro- 
gen was removed from the modified silica without loss of sulfur 
(see Table 4 a). 

In order to gain deeper insights into the surface chemistry 
of the silica particles, 29 Si and 13 C CP/MAS NMR spectra were 
recorded in solid state. A single spectrum of the final MPTMS- 
derivatized silica gel as well as of every step of the MPS derivati- 
zation was acquired to monitor the functionalization process thor- 
oughly. The 29 Si spectrum of MPTMS-derivatized silica gel shows 
signals for mono-, bi- and trifunctional siloxane bond (referred to 
as T 1 , T 2 and T 3 ) [26] (see Fig. 4 a). MPS-derivatized silica (af- 
ter the first silanization cycle and before hydrolysis) also showed 
all three possible bonding forms, but with notably less intensity 
for the signal corresponding to monofunctional siloxane bond (see 
Fig. 4 b). Apparently, a bivalent bonding is favored when working in 
the absence of water, as the triethanolamine moiety is not cleaved 
from the silane under these conditions. Aqueous acidic treatment 
with methanol/water (80/20) containing 0.1% formic acid and sub- 
sequent treatment with MPS as well as hydrolysis in a second cy- 
cle of MPS derivatization led to a total loss of the T 1 signal and 
a tremendous rise of T 3 signal (see Fig. 4 c). It may indicate a ho- 
mogenous thin polysiloxane monolayer on the silica surface as de- 
picted in Fig. 1 b. The high thiol surface coverage of this material 
with around 4 μmol/m 2 sulfur and the high T 3 /T 2 ratio disprove 
a monomeric surface bonding like shown in Fig. 1 d and typically 
expected for anhydrous reaction conditions according to literature 
reports [3] . Furthermore, a second set of signals corresponding to 
Si of the silica surface can be found. The signal at -100 ppm corre- 
sponds to Si of free (isolated, vicinal and vicinal-bridged) silanols 
(Q 3 ), a weak shoulder at -95 ppm indicates presence of some gem- 
inal silanols (Q 2 ), and the signal at -110 ppm is due to quaternary 
Si of the siloxane network (Q 4 ). Unfortunately, CP/MAS NMR spec- 
troscopy does not allow to derive direct quantitative information 
from these signal intensities in a strict manner. For this reason, 
we considered direct MAS NMR which unfortunately requires long 
measurement times and is not practical for a larger set of sam- 
ples. Exemplarily, we show in the Suppl. Material the comparison 
of 29 Si solid-state MAS NMR spectra acquired with and without CP. 
The latter was acquired with high-power decoupling (HPDec) (see 
Suppl. Fig. S4). It turned out that the T 2 /T 3 ratio, which is primar- 
ily of interest for our interpretation, was fairly the same with and 
without CP while the ratio between Q and Q/T signals was varied. 
Due to missing protons in the Q 4 bulk material and thus missing 
CP the major difference is visible for that signal. Hence, the relative 
T-signal intensities of the 29 Si CP/MAS NMR spectra may also give
a meaningful trend for the relative presence of the distinct (mono-,
di- and trifunctional) siloxane bonding states at least from a semi- 
quantitative viewpoint and relative comparisons of the same sig- 
nals in different materials.
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Fig. 3. Proposed reaction scheme of silanization of the silica surface by MPS. The proposed self-assembled monolayer (SAM) attached to vicinal silanols in the drawing
represents an idealized view but may be interrupted and restarted at Si-O-Si moieties of the silica or bridged via double siloxane bonds of the organosilane layer on top of
the silica surface.

Table 4

Overview on sulfur and nitrogen coverage (determined by elemental analysis) and percentage of T 1 , T 2 and T 3 (determined by
solid state NMR).

reaction cycle S N T 1 T 2 T 3 total sulfur 2 free thiol 3 free thiol
% % % % % [μmol/m 2 ] [μmol/m 2 ] % of total sulfur

(a) twofold MPS-functionalization/hydrolysis cycles (hydrolysis performed with MeOH/H 2 O (80/20; v/v) + 0.1% (v/v) FA)
F1 1 1.28 0.63 5 55 40 1.33 n.a. n.a.
H1 1 1.26 0.10 - 59 41 1.31 n.a. n.a.
F2 3.83 0.75 - 18 82 3.98 n.a. n.a.
H2 3.96 0.20 - 37 63 4.12 n.a. n.a.

(b) fourfold MPS-functionalization/hydrolysis cycles (hydrolysis performed with MeOH/H 2 O (20/80; v/v) + 0.1% (v/v) FA)
F1 1.34 0.51 7 63 30 1.39 0.73 53
H1 1.32 0.03 1 43 56 1.38 1.05 76
F2 2.26 0.42 5 51 44 2.35 0.97 41
H2 2.31 0.06 4 42 54 2.40 1.13 47
F3 2.94 0.35 3 43 54 3.06 1.13 37
H3 2.75 0.07 5 46 49 2.86 1.43 50
F4 3.61 0.34 5 48 47 3.75 1.37 37
H4 3.44 0.08 2 41 57 3.58 1.85 52

1 F stands for functionalization cycle, H for hydrolysis cycle
2 as determined by elemental analysis
3 as determined by DPDS assay

3.2.3. Proposed reaction scheme 

As previously suggested for silicon wafers [ 27 , 28 ], the reaction 
is induced by the attachment of silatrane to a silanol group of the 
silica surface. The high-field shift for 29 Si in the 29 Si-CP/MAS-NMR 
spectrum for MPS indicates a higher electron density at the silicon, 
due to the dative bond from N to Si. This leads to an increased 
proton affinity of silatranes in comparison to the silane analogues 
[ 14 , 15 ]. This high proton affinity of the oxygen drives the proto- 
nation of the silatrane by the silanol hydrogen, thus weakening 
the transannular N → Si bond. This in turn weakens the electron 
density on the silicon, favoring the nucleophilic attack of the hy- 
droxyl oxygen at the silicon atom which drives the attachment to 
the silica surface. By formation of an Si-O-Si bond on the silica 
surface, the intramolecular Si-O bond will be cleaved, displacing 
the hydroxyl proton from the silica surface. The subsequent step 
needs an acidic aqueous hydrolysis, following a similar mechanism 

as described above, leading finally to an (ideally) triethanolamine- 
cleaved 3-mercaptopropylsilane residue bearing two silanol moi- 
eties [29] . Those free silanols can act as active centers for cleav- 

age of the triethanolamine moiety of the following MPS molecule, 
leading ideally to the final product C shown in Fig. 3 . 

3.2.4. Optimization of the surface bonding 

A number of factors were considered for further optimization of 
the surface and bonding chemistry, respectively: (i) more repetitive 
cycles of silanization and hydrolysis, and (ii) hydrolysis conditions. 
Furthermore, rehydroxylation of the silica particles prior to surface 
modification was examined as well but did not bring any differ- 
ences which let us assume that a rehydroxylation step was already 
carried out by the silica supplier (see Suppl. Material Fig. S2 and 
S3 as well as Suppl. Table S1 for more details). 

Two cycles of MPS-modification of silica revealed high sulfur 
densities, higher than typically reached with MPTMS (~3 μmol/m 2 ). 
As mentioned above, with small silanes like trimethylsilane, usu- 
ally only roughly half of the silanol groups can be functionalized 
[30] leading to a maximal surface coverage of around 4 μmol/m 2

[ 25 , 31 ]. To further explore the limits of surface coverage, a synthe- 
sis approach with more cycles was performed. Four cycles of alter- 
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Table 5

Evaluated hydrolysis strategies and their impact on nitrogen and sulfur content

before hydrolysis after hydrolysis change in %

hydrolysis strategy N [μmol/m 2 ] S [μmol/m 2 ] N [μmol/m 2 ] S [μmol/m 2 ] of N of S

MeOH/H 2 O (20/80; v/v) + 0.1% (v/v) FA 1.21 1.39 0.07 1.38 94.2 -0.7
MeOH/H 2 O (50/50; v/v) + 0.1% (v/v) FA 1.49 1.33 0.20 1.42 86.6 6.8
MeOH/H 2 O (80/20; v/v) + 0.1% (v/v) FA 1.49 1.33 0.24 1.31 83.9 -1.5
MeOH/0.1 M HCl (50/50; v/v) 1.49 1.33 0.21 1.44 85.9 8.3
Isopropanol/H 2 O (20/80, v/v) + 0.1% (v/v) FA 1.49 1.33 0.13 1.42 91.3 6.8
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Fig. 4. 29 Si CP/MAS solid-state NMR spectra of MPTMS and MPS functionalization.
(a) MPTMS functionalization for comparison. (b) After first cycle of MPS modifica- 
tion before hydrolysis step. (c) After second cycle of MPS derivatization and after
subsequent hydrolysis step. Noteworthy is the remarkable shift towards trivalent
bond (T 3 ) and the complete loss of monovalent bond (T 1 ). Note, percentages of
each signal corresponding to the different bonding states for MPS as obtained by
deconvolution can be found in Table 4 a.

nate MPS functionalization and hydrolysis were conducted. Since 
the hydrolysis of the triethanolamine residue was not fully com- 
plete with the previously used conditions (MeOH/water (80/20, 
v/v) + 0.1% (v/v) FA), a higher water content was employed 
(MeOH/water (20/80, v/v) + 0.1% (v/v) FA). Every sample was in- 
vestigated by CP/MAS solid state NMR (see Fig. 5 for 13 C CP/MAS 
NMR) as well as by EA. The results are summarized in Table 4 b. 
It can be seen that the first silanization reaction yielded the same 
sulfur coverage as in the first synthesis batch described above (1.39 
vs 1.33 μmol/m 2 ). It documents excellent reproducibility of the re- 
action. On the other hand, the higher water content during the hy- 
drolysis step indeed led to slightly better hydrolysis yield. How- 
ever, the increase in sulfur with each cycle of silanization was 
lower and only after four cycles reached the levels of the two-cycle 
approach with lower water content during hydrolysis ( Table 4 a). 
Besides, also the relative percentage of T 3 signal corresponding to 
trifunctional siloxane bonding was slightly lower, but again ap- 
proached the level of the two-step method after 4 cycles. 

Finally, five different hydrolysis strategies were compared in 
terms of their ability to cleave the triethanolamine moiety from 

the surface of the functionalized silica. Results are presented in 
Table 5 . None of the hydrolysis protocols led to a significant loss 
of the sulfur coverage ( < 10% in all cases). The hydrolysis efficiency 
for the triethanolamine moiety increased with the aqueous content 
in the reaction mixture (94.2% with 80% water, 86.6% with 50% wa- 
ter, 83.9% with 20% water). Exchange of 0.1% FA by 0.1 M HCl as 
well as replacement of methanol by 2-propanol as wetting agent 
did not make a significant difference ( Table 5 ). 

In summary, the protocol with 80% MeOH and 0.1% FA was fa- 
vorable both in view of a high sulfur coverage and high trifunc- 
tional siloxane bonding. As silatranes show a high proton affinity 
[ 14 , 15 ], a low amount of water in the reaction vessel might be suf- 
ficient and beneficial for the formation of the MPS monolayer. 

3.2.5. ISEC for porosity determination 

Silanization with MPTMS can easily lead to uncontrolled 
oligomeric bonding layer as schematically depicted in Fig. 1 c. If 
this occurs excessively, the narrow pores of the silica particles 
might become partly inaccessible. For this reason, it was tested 
whether ISEC has the potential to provide information on the film 

thickness and pore accessibility in MPTMS- and MPS-modified sil- 
ica. Complete characterization of the pore structure of plain silica 
particle column, MPTMS- and MPS-modified silica column might 
give indirectly some idea about the pore structure (total, exter- 
nal and internal porosities) in these columns. Especially the in- 
ternal porosity, which indicates the porosity inside the particles 
(and therefore the size of the pores), could lead to useful informa- 
tion. The thinner the film inside the pores, the higher the internal 
porosity. Bare silica shows an internal porosity of 0.323 ± 0.0075. 
While the functionalization with MPTMS reveals an internal poros- 
ity of 0.307 ± 0.0059, MPS provided a slightly higher value of 
0.316 ± 0.0046 (see Table 6 ). Although the difference is minor and 
not really significant from a strict statistical viewpoint, there might 
be a slight trend recognizable from these ISEC data following the 
expectations. 

3.3. Thiol functionalization 

3.3.1. Thiol functionalization by thiol-ene click reaction 

The thiolated silica material can be conveniently function- 
alized for chromatographic purposes by thiol-ene click reac- 
tion with chromatographic ligands bearing a vinyl-group. As a 
model system we explore here the attachment of a chiral tert - 
butylcarbamoylquinine selector which has been thoroughly de- 
scribed recently so that plenty of data are available for compari- 
son. The reaction scheme is depicted in Fig. 6 . This thiol-ene click 
reaction relies on radicals generated by a radical initiator and the 
availability of reactive sulfhydryls. 

As elemental analysis provides no information concerning the 
chemical state of the determined sulfur, the proportion of free re- 
active thiol groups on the silica surface was analyzed by a LC- 
UV assay based on a thiol-disulfide exchange reaction using 2,2’- 
dipyridyldisulfide (DPDS). Here, the reaction of thiols with DPDS 
leads to the generation of equimolar amounts of pyridine-2-thiol 
which is quickly converted into its tautomeric thione form shift- 
ing the equilibrium to the product side [ 23 , 24 ]. Hence, the formed 
pyridine-2-thiol and its tautomer were quantified by RP-HPLC- 
UV/Vis using 2-mercaptoethanol as calibrant. The sulfhydryl con- 
tent of the prepared silica particles determined in this manner 
is given in Table 4 b along with EA data, total sulfur coverage, 
and percentage of free reactive sulfhydryls related to the total 
sulfur content. It can be seen that with each silanization cycle 
the sulfhydryl surface concentration is increased. It is furthermore 
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Fig. 5. 13 C CP/MAS solid-state NMR spectra of four cycles of MPS functionalization and hydrolysis. Functionalization is colored in black, hydrolysis in red. Note, that the
triethanolamine signals (broad peak at ~57 ppm) appears at every functionalization and disappears almost completely after every hydrolysis. Further notable are the signals
at roughly 23 ppm and 41 ppm. They first appear after the second functionalization cycle and then do not vanish again throughout all further steps. This might indicate
disulfide bridges formed between neighboured 3-mercaptopropyl moieties.

Table 6

Results of ISEC and chromatographic evaluation

bare Silica MPTMS-functionalized 2 MPS-functionalized
(2 cycles) 3

εe 0.344 ± 0.0022 0.347 ± 0.0042 0.349 ± 0.0025 
εi 0.323 ± 0.0075 0.307 ± 0.0059 0.316 ± 0.0046 
εt 0.668 ± 0.0053 0.653 ± 0.0017 0.665 ± 0.0021 

selector coverage [μmol/m 2 ] - 1.14 0.25
k 1 - 5.33 5.04
α - 1.60 1.57
Rs - 5.28 6.62

N m −1 1 - 56140 96560
h red - 6.33 3.45

h red, uopt - 3.56 3.43
A [μm] - 6.91 7.40

B [cm 2 s −1 ] - 1.86 2.18
C term (peak 1) [ms] - 3.06 1.14
C term (peak 2) [ms] - 3.40 1.12

1 determined at a linear flow rate of 2.82 mm/s ( = 0.5 mL/min), as shown in Fig. 7 a 
2 mobile phase for chromatographic measurements: methanol/acetic acid/ammonium acetate

(98/2/0.5, v/v/w)
3 mobile phase for chromatographic measurements: mobile phase as used for MPTMS, diluted with

97% methanol

Fig. 6. Reaction scheme of thiol functionalization for enantioselective liquid chromatography by thiol-ene click reaction.
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Fig. 7. Exemplary chromatograms for the enantiomer separation of FMOC-Phe on MPTMS-bonded tBuCQN-CSP (black traces) and MPS-bonded tBuCQN-CSP (2 silaniza- 
tion/hydrolysis cycles) (red traces). All columns were of the dimensions 50 × 3 mm (L x i.d.), T = 25 °C, flow rate: 0.5 mL/min (a) and 1.75 mL/min (b). Mobile phase: 
(MPTMS-bonded tBuCQN-CSP, black trace) methanol/acetic acid/ammonium acetate (98/2/0.5, v/v/w), (MPS-bonded tBuCQN-CSP, red trace) 3% of mobile phase specified for
MPTMS-bonded CSP diluted with methanol. Plate numbers are in (a) (0.5 mL/min): MPS: Peak 1: 94,900 N/m, Peak 2: 96,560 N/m; MPTMS: Peak 1: 56,150 N/m, Peak 2:
52,690 N/m and in (b) (1.75 mL/min): MPS: Peak 1: 56,300 N/m, Peak 2: 57,440 N/m; MPTMS: Peak 1: 25,320 N/m, Peak 2: 23,210 N/m

striking that the sulfhydryl concentration is significantly higher af- 
ter the hydrolysis step in each cycle, although the total sulfur con- 
tent is slightly decreased. At first glance this finding is surprising. 
However, it may be ascribed to the reducing nature of formic acid 
which itself can be oxidized to carbon dioxide. If we look at the 
percentages of sulfur which are available as sulfhydryls and there- 
fore reactive for thiol-ene click reaction we must notice that with 
increasing thiol density the fraction of disulfides is increasing so 
that one cannot fully exploit the significant gain of thiol ligands 
with each silanization cycle. Only around 50% of thiol ligands are 
available as free thiols for thiol-ene click reaction (after the last 
hydrolysis step) while this percentage was still 76% after the first 
silanization/hydrolysis cycle (see Table 4 b). 

For this reason, the selector coverage for the MPS-bonded CSP 
approach by thiol-ene click reaction was much lower than ex- 
pected. Thiols seem to get further inactivated during the radical- 
initiated thiol-ene click reaction of the selector due to disulfide 
formation of sterically favorable 3-mercaptopropyl residues which 
are close enough for disulfide bridge formation of adjacent surface 
thiols. Thus, only 0.25 μmol tBuCQN ligand per m 2 on an MPS- 
modified silica material with a sulfur content of 3.76 μmol/m 2 

were immobilized (resp. 4.12 μmol/m 2 before selector immobi- 
lization, see H2 in Table 4 a). Thus, the MPS based column had 
eminently lower selector coverage than its MPTMS counterpart 
while showing higher sulfur loadings (selector, 1.14 μmol/m 2 ; sul- 
fur, 1.86 μmol/m 2 ). A reduction step of disulfides with tris(2- 
carboxyethyl)phosphine prior to selector bonding did not bring 
about a significant increase of selector coverage (0.33 instead of 
0.25 μmol/m 2 ). The fact, that not all sulfur atoms and not even all 
reactive sulfhydryls (as determined by DPDS assay) are available 
for immobilization supports the hypothesis that disulfide bridges 
were formed during the functionalization supported by their close 
proximity in the polymeric surface bonding. 

3.4. Chromatographic evaluation 

Columns packed with the two types of tBuCQN silica parti- 
cles, viz. MPTMS- and MPS-bonded (2 silanization/hydrolysis cy- 
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Fig. 8. H/u curves for the enantiomer separation of FMOC-Phe on MPTMS-bonded
tBuCQN-CSP (black curve), MPS-bonded tBuCQN-CSP (2 silanization/hydrolysis cy- 
cles) (red curve). All columns were of the dimensions 50 × 3 mm (L x i.d.), 
T = 25 °C, mobile phase: (MPTMS-bonded CSP) methanol/acetic acid/ammonium 

acetate (98/2/0.5, v/v/w), (MPS-bonded CSP) 3% of mobile phase used for MPTMS- 
bonded CSP diluted with methanol. Note, column packing was not fully optimized
specifically for each type of column, however, the fact that both A-terms and h red at
u opt are comparable for MPS- and MPTMS-bonded CSPs indicates that their packing
quality is comparable and does not significantly bias this comparison.

cles as shown in Table 4 a), were chromatographically evaluated. 
The results are summarized in Table 6 and representative chro- 
matograms are depicted in Fig. 7 . For the chromatographic evalua- 
tion of the MPS-derived CSPs, isoelutropic conditions (in terms of 
ionic strength) have been adjusted by dilution of the initial mobile 
phase (methanol/acetic acid/ammonium acetate; 98/2/0.5, v/v/w), 
used for the chromatographic test of the MPTMS-bonded CSP, with 
MeOH to obtain comparable conditions. MPTMS-bonded CSP (with 
selector coverage of 1.14 μmol/m 2 ) showed an enantioselectivity of 
1.60 while the corresponding MPS-bonded CSP with 0.25 μmol/m 2 
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selector coverage exhibited a separation factor of 1.57. It is evident 
that the selector coverage has only a minor effect on enantiose- 
lectivity enabling comparable results (see Table 6 ). At a flow rate 
of 0.5 mL/min (linear flow velocity of 2.82 mm/s), the resolution 
was superior for the MPS-bonded CSP column than the MPTMS- 
bonded CSP by around 25% (6.62 vs 5.28). Under optimal linear 
flow velocity of each CSP (0.25 mL/min for MPS- and 0.15 mL/min 
for MPTMS-bonded CSP), reduced plate height h red were virtually 
identical. 

Furthermore, Van Deemter curves were recorded under isoelu- 
otropic conditions for the distinct CSPs to evaluate the effect 
of the bonding layer structure on the mass transfer (Fig. 8). In 
terms of resistance to mass transfer, MPS-functionalized silica 
clearly outperforms its MPTMS functionalized counterpart. While 
the MPTMS-bonded CSP could achieve a C-term of 3.06 ms for the 
first eluted peak (3.40 ms for the second eluted peak), MPS-bonded 
CSP showed a C-term of 1.14 ms for the first eluted peak (1.12 ms 
for the second eluted peak). This corresponds to a reduced mass 
transfer term by factor of 3 for the MPS-bonded CSP compared to 
the MPTMS-bonded CSP which may be indicative for a more ho- 
mogeneous thinner surface bonding structure for the MPS-based 
bonding as schematically illustrated in Fig. 1 b and c. It can be ex- 
plained by a more strongly hindered pore diffusion and/or slower 
exchange rate in the organosilane layer network to which selector 
moieties are attached in case of the MPTMS-bonded CSP. Unfor- 
tunately, it is difficult to measure surface roughness and bonding 
thickness inside silica pores to proof this hypothesis. However, it 
was experimentally proven for flat sensor surfaces [17] and it can 
be assumed that this advantage is transferable to the silica surfaces 
of porous silica particles. The experimental results and findings in 
this paper point into this direction. Consequently, it can be con- 
cluded that the new silatrane surface bondings are promising for 
future chromatographic materials due to their regularity, greater 
homogeneity and controllable film thickness. 

4. Conclusion

Silica surface modification by silanization with functional sila- 
tranes, e.g. 3-mercaptopropylsilatrane (MPS) is a promising strat- 
egy for the development of functionalized silica materials. Al- 
though the silatrane chemistry is generally around for decades, its 
implementation for silica gel modification represents a new ap- 
proach. Using elemental analysis, which was thoroughly validated 
to document its suitability for this research and proved excel- 
lent intra-day and inter-day precision, as well as solid-state NMR 
we could verify the surface chemistry of a dense homogenous 
polysiloxane monolayer on top of the silica surface by a high per- 
centage of T 3 signal in 29 Si CP/MAS solid-state NMR, indicative for 
a large fraction of trifunctional siloxane bonding. Of great inter- 
est is the fast reaction kinetics, which was roughly 35 times faster 
for the functional silatrane than its respective silane and can lead 
to faster and denser functionalization films on the silica surface. 
This very dense functional polymer layer approaches surface cov- 
erages commonly assumed as the theoretical maximum limit for 
the functionalization of silanols on silica (4 μmol/m 2 ). The price 
to pay for the high sulfur density and high regularity in case of 
3-mercaptopropylsilatrane was the high propensity for formation
of disulfide bridges, which makes a certain fraction of thiols in- 
accessible for further reaction and derivatization, respectively. On 
the other hand, multiple reaction cycles of silanization and hydrol- 
ysis (of triethanolamine residues) are required for ending up with 
a dense polysiloxane layer on the silica surface. Low aqueous hy- 
droorganic mixture with formic acid was favourable in the hydrol- 
ysis step. The thinner homogeneous monomolecular film of the 
MPS functionalization agent in the presented strategy turned out 
to be superior to the non-ordered, heterogeneous MPTMS-derived 

thicker layer. The MPS-bonded chiral stationary phase based on 
quinine carbamate revealed explicitly lowered resistance to mass 
transfer, as indicated by a factor 3 lower C-term, compared to cor- 
responding MPTMS-based material making this functionalization 
chemistry a promising strategy for the optimization of stationary 
phases in liquid chromatography. This may be of particular inter- 
est for fast separations, in which the C-term is often limiting the 
performance of a column. The present work paves the way for fur- 
ther research on other functional silica materials and shows the 
potential of using silatranes as powerful functionalization agents 
in liquid chromatography. 
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PART I:  29Si-NMR of functionalization agents 

To be able to determine the electron density on the silicon atom of the two used 

functionalization agents, 29Si-NMR spectra were recorded (details for synthesis: see 

main document). Fig. S1 shows the spectra of MPS (a) and MPTMS (b), indicating 

a high-field shift for MPS in comparison with MPTMS. Due to the dative bond, a 

higher electron density is present at the silicon in MPS. 

Fig. S1. 29Si-NMR spectra of MPS (a) and MPTMS (b). 
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PART II: Rehydroxylation 

The silanization with MPS requires free silanols. As the silica production process 

undergoes a calcination step at temperatures above ~ 400 - 500 °C, silica will not 

only be dehydrated i.e. desorbing its physisorbed water, but will also lose silanols 

due to a condensation reaction, i.e. it will be dehydroxylated leading to elevated 

levels of surface siloxane groups [1-4]. For this reason, a rehydroxylation step prior 

to silanization was evaluated for increasing the surface coverage already after the 

first silanization cycle. To do so, bare silica gel was heated to reflux in 0.1 M HCl 

for 3 hours and subsequently dried at 60 °C in vacuum overnight. Afterwards, 

functionalization with MPS was carried out as described in the main document. The 

dried material was subjected to elemental analysis and CP/MAS solid state NMR. 

EA showed comparable results for both nitrogen and sulfur coverage. As in this 

case, trivalent silane bondings were present even at a lower percentage than 

without hydroxylation, this strategy was abandoned.  

Fig. S2. Shown is a completely hydroxylated silica particle (left) and a partially 

dehydroxylated silica particle (right). The Si-O-Si groups on the right side are not 

available for a functionalization with MPS. 1 describes the act of dehydroxylation 

under the influence of heat while losing water in a condensation reaction. 2 

describes the rehydroxylation with aqueous 0.1 M HCl in reflux for 3 hours. 
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Fig. S3. 29Si CP/MAS solid-state NMR spectra of a) non-pretreated silica and b) 

rehydroxylated silica after functionalization with MPS. 

Table S1. Elemental analysis results of non-pretreated and rehydroxylated silica 

after MPS functionalization. 

C H N S 
% % % % 

Non-pretreated silica 4.98 1.11 0.63 1.28 
Rehydroxylated silica 4.34 1.11 0.53 1.21 
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PART III:  29Si CP/MAS vs HPDec/MAS solid state NMR 

Cross-polarization (CP) in combination with magic angle spinning (MAS) is a 

common technique for enhancing sensitivity in solid-state NMR spectroscopy. By 

transferring the proton-spin polarization to less sensitive carbon (13C) or silicon 

(29Si) nuclei (both having low abundance and lower gyromagnetic ratio) through 

heteronuclear dipolar coupling by adjusting Hartmann-Hahn conditions, the signal-

to-noise ratio can be greatly improved and measurement times can be reduced. 

Unfortunately, this technique does not allow accurate quantification of the different 
29Si signals by their integrals. However, we assumed that the integrals within the T 

signal groups allow to derive some rough trends.  

To support this assumption, spectra obtained by 29Si CP/MAS NMR were compared 

to those of MAS NMR. In high-power decoupled (HPDec) MAS NMR, only 

heteronuclear dipolar coupling effects are suppressed. The resulting spectra are 

shown in Fig. S4. It is clearly visible that Q-signals, especially Q4, are not 

comparable. As Q4 is not bearing a proton (as hydroxyl moiety) bonded to the 

measured silicon, the signal-suppressing effect in cross-polarization mode is much 

stronger on Q4 than on Q3 [5]. T signals on the other hand seem to be fairly well 

comparable (Fig. S4). While CP/MAS gave a ratio of 4.8/46.0/49.2 (T1/T2/T3), 

HPDec/MAS measurement resulted in a ratio of 0/45.5/54.5 (T1/T2/T3). T1 was not 

detectable in HPDec/MAS, as it disappeared in the noise in the absence of cross-

polarization. Apart from that fact, the results are pretty well comparable – showing 

a ratio of 48.3/51.7 (T2/T3 in CP/MAS) vs. 45.5/54.5 (T2/T3 in HPDec) taking only T2 

and T3 into account. This indicates that CP/MAS can be used for a rough estimation 

of the bonding state from relative T-signals which are of relevance for this work. The 

percentages of T units obtained by deconvolution from the spectra of solid-state 

NMR given in Table 4 of the main document should be regarded as an estimation 

rather than accurate quantification to indicate some trends. 
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 Fig. S4. Solid-state NMR spectra of the same MPS-functionalized silica gel, a) 

recorded with 29Si CP/MAS solid-state NMR, b) recorded with HPDec/MAS solid-

state NMR. 

Fig. S5. Solid-state 29Si CP/MAS-NMR spectrum of bare silica used as starting 

material for all experiments.  
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Fig. S6. Structure used for the synthesis of the adsorptively bound thiolated quinine 

carbamate silica gel which served as quality control (QC) standard. 
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The present work reports on a novel stable-bonded amino silica stationary

phase obtained by crosslinking of surface aminopropyl moieties using triglycidyl

isocyanurate. The obtained cross-linked amido-amino network silica mate-

rial exhibited superior hydrolytic stability compared to classical 3-aminopropyl

phases and showed, inter alia, excellent separation of nine therapeutically

effective sulfonamides in hydrophilic interaction/weak anion exchange chro-

matography elution mode. Additionally, the separation of carbohydrates was

investigated under classical hydrophilic interaction chromatography conditions

as well proving the suitability of the novel phase for such applications. For

the evaluation of the hydrolytic stability the prepared material, as well as two

commercially available benchmark columns and a set of in-house synthesized

amino-modified materials, were exposed to harsh aqueous mobile phase condi-

tions for in total of 50 h at elevated temperature. In this context, the materials

were examined by elemental analysis, (13C and 29Si cross-polarization/magic

angle spinning) solid-state nuclear magnetic resonance, and a chromatographic

test before and subsequent to the exposure to these stress conditions. Lastly, the

new stationary phase was classified in comparison to a set of commercially avail-

able stationary phases by principal component analysis of resultant retention
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1 INTRODUCTION

Amino-functionalized silica is a commonly used material
in a variety of analytical fields and is frequently applied,
for instance, for the liquid chromatographic separation of
polar analytes in pharmaceutical research and quality con-
trol [1–4]. For amino-functionalization of silica particles,
(3-aminopropyl)triethoxysilane [APTES]) is the most fre-
quently utilized reagent for silanization reaction leading to
the classical 3-aminopropyl silica (APS) stationary phase
(SP) [5–9]. However, other amino organosilanes such
as (N,N-diethyl-3-aminopropyl)trimethoxysilane or (3-[2-
aminoethylamino]propyl)trimethoxysilane, for instance,
were reported as well [10–12]. Disadvantageously, amino
phases usually suffer extensively from hydrolytic cleav-
age of the organosilane moieties provoking unfavorable
background noise in mass spectrometry detection, limited
robustness of analytical runs, and short column life-
times, especially under aqueous mobile phase conditions
in RPLC, hydrophilic interaction LC (HILIC) and weak
anion exchange chromatography (WAX) elution modes.
Thereby, the hydrolysis of the chemical Si-O-Si bonds on
the silica surface is enhanced by the self-catalytic effect
of the amino group in presence of water [5, 12]. Con-
sequently, a sufficient anchoring of the amino ligand to
the silica support is desirable and of tremendous impor-
tance to reduce this phenomenon to a minimum. In the
case of classic APTES silanization chemistry, a mixture of
mono-, di- and trifunctional siloxane bonds is obtained
with a dominance of difunctional siloxane bonds. It is
expected that trifunctional siloxane bonding of the amino-
propyl ligand to the silica support may be beneficial for
the phase stability compared to mono- or difunctional
bonding. In this regard, it was reported recently for the
preparation of thiol-modified silica that silatranes instead
of trialkoxysilanes lead to an enhanced proportion of tri-
functional bonded organosilane ligand with advantageous
surface properties [13]. Besides, polymers were suggested
as functionalization agents resulting in phases suffering
less from ligand bleeding due to multiple covalent bonds
between the polymer and the support. Unfortunately, the
advantageous higher stability of those phases is accompa-
nied by lower column efficiencies in many cases [14–18].
In terms of amino phases, polyethylenimine (PEI) was
applied as a polymeric coating reagent for the prepara-
tion of amino-functionalized silica particles in some cases.
Thus, for instance, Lawson et al. showed the usefulness of
silica particles coated with adsorbed PEI films for analysis
and purification of synthetic oligonucleotides [19]. How-
ever, the PEI film was not covalently bound to the support
in this study, which might lead to the detachment of the
polymer from the support under certain conditions. More-
over, Alpert et al. and Kopaciewicz et al. reported the

subsequent crosslinking of the adsorbed PEI film bymulti-
functional oxiranes via amine-epoxy reaction to obtain SPs
suitable for the separation of proteins and nucleotides [20,
21]. Nevertheless, the stability of these PEI phases under
chromatographic conditions was not well reported, espe-
cially after a long time of use or exposure to harsh mobile
phase conditions. Hence, it is not clear to which extent
the crosslinking avoids the bleeding tendency of the func-
tional polymer from the support. In addition, it seems to
be an auspicious approach to anchor the PEI film addi-
tionally covalently to the silica support in the first step in
order to decelerate the gradual detachment of the func-
tional polymer. For this purpose, epoxy groups can be
introduced firstly on the silica surface by silanization with
(3-glycidyloxypropyl)trimethoxysilane making the cova-
lent immobilization of PEI subsequently via amine-epoxy
nucleophilic substitution reaction possible [22]. These
cross-linked PEI phases have also significant carbon con-
tent and hence some hydrophobic interaction retention
contributions when operated with aqueous mobile phases
resulting in a kind of reversed-phase/mixed-mode char-
acter, not really featuring the hydrophilic properties of
classical APS.
Against this background, a new cross-linked amino sil-

ica was prepared by using triglycidyl isocyanurate for
crosslinking of aminopropyl moieties on the surface in
this study. For this purpose, 3-aminopropylmodification of
bare silica particles was carried out by silanization reaction
using (3-aminopropyl)silatrane in a first step. Afterward,
the generatedmaterialwas comparedwith a set of in-house
prepared amino phases stemming from several nitrogen-
bearing reactants with distinct surface chemistries (see
Figure 1) and two commercially available amino columns
serving as benchmarks. In this regard, a classical commer-
cial amino phase (classical APS) derived from the silaniza-
tion reaction of (3-aminopropyl)trialkoxysilane with the
silica support was selected as well as a commercial poly-
meric amino phase (polymeric APS) dealing with the
concept of polymeric surface functionalization of the silica
support.

2 MATERIALS ANDMETHODS

2.1 Materials

Spherical silica particles (Kromasil, 100 Å, 5 μm, 320
m2/g) were purchased from Eka Chemicals (Bohus,
Sweden), and empty stainless steel columns (50 × 3 mm)
were supplied from Bischoff Chromatography (Leonberg,
Germany). (3-Aminopropyl)silatrane was synthesized
[23] (cf. S1–3). Branched PEI (average Mw ∼ 800; PEI),
(3-glycidyloxypropyl)trimethoxysilane, 1,4-butanediol
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epoxy-silicaAPS-SP1, APS-SP3, 
APS-SP5, APS-SP7

coated PEI phase

crosslinked amino phaseAPS-SP2, APS-SP4, 
APS-SP6, APS-SP8

crosslinked PEI phase

APTES-SP

5 µm, 100 Å

immobilized PEI 
phase 

hydrolysis new crosslinked 
cycloamido-amino silica

F IGURE 1 Overview of the in-house prepared amino phases. Detailed synthesis procedures for the (3-aminopropyl)triethoxysilane
(APTES)- and polyethylenimine-derived phases are reported in the supplementary material (see also Figures S4–7)

diglycidyl ether, triglycidyl isocyanurate, APTES, tri-
ethanolamine, 4-dimethylaminopyridine (DMAP),
acetone, butylbenzene (BuB), pentylbenzene (PeB), adeno-
sine, guanosine, cytidine, thymidine, uridine, nicotinic
acid, pyridoxine hydrochloride, ascorbic acid, riboflavin,
thiamine hydrochloride, caffeine, theophylline, theo-
bromine, O,O-diethyl chlorothiophosphate, triethylamine,
N-tert-butoxycarbonyl-prolyl-phenylalanine (BocProPhe),
L-phenylalanine (Phe), N-acetyl-L-phenylalanine
(AcPhe), L-tryptophan (Trp), N-acetyl-Trp (AcTrp),
furosemide, sulphanilamide, sulfaguanidine, sulfac-
etamide, sulfamerazine, sulfadiazine, sulfadimethoxine,
sulfamethoxazole, sulfisoxazole, D-xylose, D-fructose,
D-glucose, D-galactose, sucrose, lactose monohydrate,
maltose monohydrate, maltotriose hydrate, and deuter-
ated chloroform were obtained from Sigma Aldrich
(Munich, Germany). O,O-diethyl thiophosphate (DETP)
was freshly synthesized from hydrolysis of O,O-diethyl
chlorothiophosphate in presence of triethylamine. L-
Phenylalanine methyl ester (PheOMe), Trp hydrochloride,
and N-acetyl-phenylalanine ethyl ester (AcPheOEt) were
purchased from ABCR Chemicals (Karlsruhe, Germany).
Sulfanilamide (reference standard for elemental analysis)
was supplied from elemental microanalysis (Okehamp-

ton, Devon, UK). The solvents (anhydrous) toluene,
(anhydrous) chloroform, (anhydrous) methanol (MeOH),
anhydrous 1,4-dioxane, anhydrous tetrahydrofuran (THF),
methylene chloride and ACN were of technical grade or
HPLC grade and purchased from Brenntag (Essen, Ger-
many) and Sigma Aldrich, respectively. Acetonitrile of MS
grade quality was obtained from Carl Roth (Karlsruhe,
Germany). Ultrapure water was obtained from deion-
ized water by purification using an Elga PureLab Ultra
Purification System (Celle, Germany). Acetic acid, formic
acid (FA), and ammonia were all of the analytical grades
obtained from Sigma Aldrich.

2.2 Instrumentation and software

Elemental analysis was conducted using an EA 3000
CHNS-O elemental analyzer fromEuroVector SpA (Milan,
Italy). Liquid-state NMR experiments were carried out
using a Bruker Avance 400 MHz spectrometer (Bruker,
Rheinstetten, Germany), whereas solid-state nuclear mag-
netic resonance spectroscopy (solid-state NMR) experi-
ments were performed using a Bruker Avance III HD
XWB 300 spectrometer. NMR parameters are specified
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(cf. Figure S13). NMR data were processed by Topspin
4.0.8 software from Bruker. HPLC experiments were all
performed on HPLC systems from Agilent Technologies
(Waldbronn, Germany). Thereby, the evaluation of the
hydrolytic resistance of the SPs was investigated using
an Agilent 1100 series HPLC system featured with a
degasser, quaternary pump, autosampler, column com-
partment (TCC), and a diode array detector. H/u-curves
were recorded on an Agilent 1290 Infinity UHPLC sys-
tem equipped with a degasser, binary pump, autosampler,
TCC, and diode array detector. Here, the system was mod-
ified with a Max-Light ultralow dispersion cartridge flow
cell (0.6 μl), an ultralow dispersion needle seat assem-
bly (1 μl injected), and MarvelX capillaries (0.075 mm id)
from Idex Corporation (Lake Forest, Illinois, USA) lead-
ing to a determined extra-column volume of 11 μl. Withal,
OpenLab CDS ChemStation Online Software (Rev. C.01.03
(37), 2011), andChemStationOffline Software (Rev. B.04.03
(16), 2010) from Agilent Technologies were used for data
acquisition and analysis. Carbohydrate analysis was car-
ried out using an Agilent 1290 Infinity UHPLC system
apparelled with a binary pump, a degasser, and a TCC. The
system was hyphenated to an HTS PAL autosampler from
CTC Analytics (Zwingen, Switzerland) and an API 4000
LC/MS/MS system from Sciex (Ontario, Canada) equipped
with a Turbo Spray ion source operated with an ESI probe.
System control and data acquisition were done by Ana-
lyst 1.7 software from Sciex and Chronos 5.1.20 software
(Axel Semrau, Sprockhövel, Germany). MS data evalua-
tionwas performedwith PeakView 2.2 software fromSciex.
For the studies concerning the hydrolytic stability always
freshly prepared chromatographic columns were used. For
chromatographic experiments, SPswere slurry packed into
stainless steel columns using a Smartline Pneumatic Pump
1950 from Knauer (Berlin, Germany). SIMCA Multivari-
ate Data Analytics Solution (Version 15.0.2.5959) software
from Sartorius Stedim Data Analytics AB (Umeå, Sweden)
was utilized for performing the principal component anal-
ysis (PCA; no weighting, autoscaled, and centered). Data
visualizationwas carried out usingOriginPro 2019 (Origin-
Lab, Northampton, Massachusetts, USA). More detailed
information is given in the respective figure captions or
subchapters.

2.3 Preparation of APS-SP1-8 by grafting
(3-aminopropyl)silatrane onto bare silica

Bare silica particles (5 g; 100 Å, 5 μm, 320 m2/g) were
suspended in 25 ml anhydrous toluene within a 100 ml
triple neck flask. After adding (3-aminopropyl)silatrane
(8 μmol/m2) and 4-dimethylaminopyridine (10 mol%
related to [3-aminopropyl]silatrane) a reflux condenser

equipped with a nitrogen supply and a mechanical stir-
rer was attached to the flask and the system was flushed
with nitrogen for 10 min. Afterward, the reaction vessel
was heated up to reflux and the reaction was allowed to
proceed for 3 h under a nitrogen atmosphere. Hereafter,
the reaction product was transferred to a glass funnel of
porosity 4, washed with boilingMeOH and boiling toluene
three times each, and dried in a vacuum chamber for 12
h at 60◦C. Finally, the prepared amino-functionalized sil-
ica particles were treated with a mixture of MeOH, water,
and FA (20/80/0.1; v/v/v; 50 ml) under reflux for 2 h.
Thereafter, the silica was washed again with hot MeOH
and hot toluene three times each and dried in a vac-
uum chamber at 60◦C. This procedure was repeated four
times withholding always aliquots (APS-SP1-7) before and
after the treatment with the mixture of MeOH, water,
and FA for subsequent characterization. The resultant
aminopropyl-functionalized silica (APS-SP8) was packed
into a stainless-steel column for further chromatographic
characterization. In addition, an aliquot of APS-SP8 was
used for the preparation of the cross-linked amino silica.

2.4 Preparation of cross-linked amino
phase from aminopropyl silica

Note that, 0.5 g of APS-SP8 were suspended in 10 ml
tetrahydrofuran within a 100 ml round bottom flask. After
adding triglycidyl isocyanurate (0.5 μmol/μmol N of APS-
SP8 silica; dissolved in THF) the suspension was sonicated
for 15 min under a nitrogen atmosphere. Then, the flask
was attached to a rotary evaporator and the solvent evap-
orated at 30◦C generating a thin silica film on the flaskťs
inner wall. Subsequently, the flask was rinsed with nitro-
gen and placed in a heating chamber at 100◦C for 6 h.
Finally, the silicawaswashed three times eachwith boiling
methylene chloride, boiling MeOH, and boiling toluene
and dried in a vacuum chamber at 60◦C for 24 h.

2.5 Hydrolytic stability test

In order to evaluate the hydrolytic stability of the in-house
prepared amino SPs and two commercially available amino
phases (classical APS, polymeric APS; 100 mm × 4 mm),
all columns were continuously rinsed with a mobile phase
consisting of ACN, water, and acetic acid (30/70/0.1; v/v/v,
pH adjusted to 5 with ammonia) at 60◦C applying a linear
flow velocity of 1.33 mm/s. After defined periods of time
(0, 7, 20, and 50 h) the SPs were characterized chromato-
graphically for 45 min at 25◦C using BocProPhe and DETP
as test analytes. Therefore, the column was equilibrated
to the chromatographic test conditions for 30 min prior to
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injection of the probes. For the chromatographic test, the
mobile phase was composed of ACN, water, and acetic acid
(20/80/0.1; v/v/v, pH adjusted to 5 with ammonia), and the
linear flow velocity was set to 1.33 mm/s as well. The test
analytes were dissolved in the mobile phase (0.8 mg/ml)
and the injection volume was 2 μl. Acetone was used as a
void marker and detection was carried out at 220 nm.

3 RESULTS AND DISCUSSION

3.1 Synthesis and surface elucidation of
classical and silatrane-based
aminopropyl-functionalized silica particles

3-Aminopropyl silica is a classical SP in liquid chromatog-
raphy which is also part of all common pharmacopeias.
For instance, the USP describes L8 as an essentially
monomolecular layer of aminopropylsilane (NH2) chem-
ically bonded to totally porous silica gel support, 3–10 μm
in diameter and finds several applications for polar analyte
separations, such as sugars, under aqueous mobile phase
conditions. Unfortunately, its utility is greatly reduced by
limited stability originating from self-catalytic hydrolysis
of the siloxane bond by a mechanism illustrated in Figure
S9. The instability restricts the robustness and hence the
applicability in validated assays. In a first attempt to
stabilize the aminopropyl silica surface, we evaluated a
new surface bonding chemistry using silatranes instead
of trialkoxysilanes. Silanization of silica particles using
functional silatranes was most recently reported to be
superior to silanization using alkoxysilanes due to a higher
trifunctional bonding percentage and reduced mass trans-
fer resistance of the resultant materials [13]. For this
purpose, (3-aminopropyl)silatrane was synthesized from
APTES, and corresponding 3-aminopropyl-functionalized
silica from the two reagents was evaluated against each
other.
The immobilization of APTES was carried out by clas-

sical silanization reaction in toluene with DMAP as a
catalyst, which increases the nucleophilicity of silanols
(Figure S10), leading to APTES-SP. However, APTES was
reported to catalyze the reaction by itself as well as expe-
dite the reaction under non-aqueous conditions [9, 11, 20,
24–28]. Elemental analysis revealed the successful immo-
bilization with ligand coverage of 3.32 μmol/m2 for the
APTES-SP. 13C CP/MAS NMR confirms the ligand on the
silica (Figure 2A, top) and 29Si CP/MAS NMR reveals
the bonding states, for example, besides difunctional (T2)
and trifunctional siloxane bondings (T3) also a certain
amount of monofunctional siloxane bonds (T1) which are
most labile and easily hydrolytically cleaved off (Figure 2B,
top).

Likewise, (3-aminopropyl)silatrane was bonded onto
silica by silanization using the same conditions in
toluene with DMAP. However, after the reaction, a tri-
ethanolamine residue remained still bound to the ligand’s
silicon atom (see Figure 1 and Figure S11) [13]. It was
hydrolytically cleaved off by a second reaction step apply-
ing a successive treatment with a mixture of MeOH,
water, and FA. This silanization/hydrolysis procedure was
repeated sequentially a total of four times resulting in
APS-SP1-8 (odd number SP after silanization step; even-
numbered SP after hydrolysis). Characterization of the
resulting materials by 13CCP/MASNMR analysis revealed
the same signals for the aminopropyl ligand and an addi-
tional signal corresponding to the ethylene moieties of the
triethanolamine residue (see Figure 2A; APS-SP1). It can
be seen in Figure 2A that this signal disappears after each
hydrolysis cycle which proves the successful hydrolysis of
the residual triethanolamine moieties.
Information about the ligand coverage can be conve-

niently derived from elemental analysis (see Table 1). It
can be seen that the nitrogen content and surface cov-
erage, respectively, increase with the first three cycles
of silanization/hydrolysis from 2.95 to 3.43 μmol/m2, but
do not change significantly anymore in the fourth cycle
(3.35 μmol/m2 nitrogen of APS-SP8). According to the
determined elemental composition of the preparedmateri-
als, similar aminopropyl densities for APTES-SP and APS-
SP8 (APS-SP8: 3.35 μmol/m2 vs. APTES-SP: 3.32 μmol/m2;
see Table 1) were finally obtained.
Solid-state 29Si CP/MAS NMR analysis revealed a

significant difference in surface bonding for both gen-
erated amino materials (see Figure 2B) [13, 29–31]. The
signal for monofunctional siloxane bond T1, observed in
APTES-silica, disappears and only signals for difunctional
(T2) and trifunctional (T3) siloxane bonds are found in
(3-aminopropyl)silatrane derived silicas. Furthermore,
with each cycle of silanization/hydrolysis, the T3 signal
increases and T2 relatively decreases indicating that the
quantity of trifunctional bonded siloxanes is increasing
which is expected to improve the stability of the bonding.
It can be seen in the 29Si CP/MAS NMR spectra (see
Figure 2B) that the signal intensity of the trifunctional
siloxane bond for APS-SP8 in contrast to APTES-SP is
increased by a factor of about 2 (see Table S1; 33% T3 for
APTES-SP vs. 70% T3 for APS-SP8). Here, a direct quan-
titative comparison of the signals should be meaningful
and seems feasible due to the similarities in contact times
[13, 30]. Furthermore, even after the first reaction cycle,
a significantly greater signal proportion of trifunctional
anchored ligand was achieved by the approach using
APS (48% T3 for APS-SP2 vs. 33% T3 for APTES-SP). In
conclusion, applying APS for amino-functionalization
instead APTES leads to 3-aminopropyl-bonded silica with
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F IGURE 2 Solid-state NMR spectra of 3-aminopropyl)triethoxysilane–stationary phase (APTES-SP) and 3-aminopropyl silica
(APS)-SP1-8: (A) 13C CP/MAS NMR spectra: Signals at δ(C-1) ∼ 43 ppm, δ(C-2) ∼ 22–25 ppm, δ(C-3) ∼ 9 ppm can be assigned to the
incorporated aminopropyl moiety. Peak splitting of δ(C-2) was originated in particular from the resonance of the respective protonated and
unprotonated species located at the acidic silica surface which are typically balanced in dynamical equilibrium with each other. Withal, the
protonated species exhibits a resonance at δ ∼ 22 ppm for C-2, whereas the unprotonated one is responsible for the downfield shift to δ ∼

25 ppm [47, 48]. The spectrum of APTES-SP lacks distinctive signals for the ethoxy groups of the embedded ligand typically located at δ ∼

56 ppm and δ ∼ 16 ppm [28]. Thence, the ethoxy residues might probably be hydrolyzed by air moisture or moisture trapped in the pores of the
silica particles facilitated by the catalytic effect of the amino groups, whereas the resulting volatile ethanol might be evaporated subsequently
[49]. The spectra of APS-SP1+3+5+7 exhibited a broad resonance peak in the area of δ ∼ 56 ppm to δ ∼ 60 ppm (C-4) which can clearly be
assigned to the carbon atoms of the triethanolamine residue still attached to the functional ligand after its mono- or difunctional binding to
the silica. Consistently, the extinction of this signal observed after each hydrolysis step evinced unequivocally the efficacious cleavage of this
undesired residue. (B) 29Si CP/MAS NMR spectra: Besides the three typical signals for silica (Q2: geminal silanol groups, Q3: free single and
vicinal silanol groups, Q4: siloxane groups) peaks in the range between - 50 ppm and - 80 ppm (T1, T2, and T3) can be assigned to the silicon
atoms of the various aminoalkyl siloxane moieties introduced on the surface giving information about the proportion of mono-, di- and
trifunctional anchored ligands. (C) Assignment of the signals to the respective chemical structures
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TABLE 1 Summary of elemental analysis data

SP

Ca Ha Na Nb

[wt%] [wt%] [wt%] [μmol/m2]

APTES-SP 4.57 ± 0.02 1.21 ± 0.01 1.49 ± 0.01 3.32

APTES-SPc 1.27 ± 0.03 0.79 ± 0.01 0.10 ± 0.00 0.22

APS-SP1 5.92 ± 0.02 1.51 ± 0.01 1.87 ± 0.01 4.17

APS-SP2 3.67 ± 0.01 1.07 ± 0.03 1.32 ± 0.00 2.95

APS-SP3 6.81 ± 0.14 1.58 ± 0.02 1.92 ± 0.01 4.28

APS-SP4 4.03 ± 0.00 1.10 ± 0.00 1.46 ± 0.02 3.25

APS-SP5 6.83 ± 0.23 1.59 ± 0.03 2.03 ± 0.01 4.53

APS-SP6 4.19 ± 0.02 1.12 ± 0.01 1.54 ± 0.01 3.43

APS-SP7 6.72 ± 0.02 1.59 ± 0.01 2.06 ± 0.00 4.6

APS-SP8 4.40 ± 0.01 1.14 ± 0.00 1.50 ± 0.00 3.35

APS-SP8c 1.43 ± 0.02 0.81 ± 0.02 0.17 ± 0.00 0.39

cross-linked amino phase 10.67 ± 0.02 1.77 ± 0.03 3.34 ± 0.01 7.45

cross-linked amino phasec 10.78 ± 0.07 1.87 ± 0.05 3.19 ± 0.01 7.12

classical APSd 2.18 0.82 0.67 1.37

classical APSc 1.32 0.77 0.18 0.37

coated PEI phase 3.90 ± 0.04 1.05 ± 0.00 1.87 ± 0.00 4.16

coated PEI phasec 1.21 ± 0.02 0.61 ± 0.02 0.09 ± 0.02 0.21

epoxy-silica 2.75 ± 0.00 0.73 ± 0.01 < 0.02 –

immobilized PEI phase 6.08 ± 0.00 1.35 ± 0.01 2.14 ± 0.01 4.77

immobilized PEI phasec 6.04 ± 0.06 1.39 ± 0.02 1.82 ± 0.02 4.06

cross-linked PEI phase 8.77 ± 0.02 1.71 ± 0.02 1.96 ± 0.02 4.37

cross-linked PEI phasec 8.32 ± 0.02 1.60 ± 0.01 1.81 ± 0.01 4.04

polymeric APSe 10.09 2.31 2.84 5.07

polymeric APSc 10.04 2.18 2.36 4.21

Abbreviations: APS, 3-aminopropyl silica; APTES, 3-aminopropyl)triethoxysilane; SP, stationary phase.
adetermined by elemental analysis.
bcalculated based on N [wt%].
cafter stress test.
dspecific surface area according to manufacturer: 350 m2/g.
especific surface area according to manufacturer: 400 m2/g.

significantly increased trifunctional bonding characteris-
tics of the ligands to the support with tentative favorable
stability (vide infra).

3.2 Preparation of cross-linked amino
silica

In order to further enhance the stability of the prepared
aminopropyl modified silica, amino groups of APS-SP8
were cross-linked using triglycidyl isocyanurate result-
ing via amine-epoxy nucleophilic substitution reaction in
a three-dimensional polar cycloamido-aminopropyl net-
work structure as surface bonding (Figure 1). For this
purpose, the APS-silica was homogeneously dispersed in
THF, the crosslinkerwas added, and the THF subsequently

mostly evaporated to obtain a thin liquid layer on the silica
surface preventing precipitation of the dissolved crosslink-
ing agent. The nucleophilic ring-opening reaction was
catalyzed by the amino groups and facilitated due to the
polarization of the carbon-oxygen bond and the Bayer
ring strain [32, 33]. The primary amino groups can react
with epoxy functionalities furnishing secondary amines
and hydroxy groups, which can both react in a second
step again with a crosslinker leading to an extensive net-
work (see Figure S8). However, amine-epoxy reactions are
usually favored.
The resultant amido-amino network silica was charac-

terized by elemental analysis. By this crosslinking step,
the nitrogen quantity of the material was increased from
3.35 μmol/m2 to 7.45 μmol/m2 according to elemental
analysis measurements (see Table 1) which indicates the
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F IGURE 3 (A) Solid-state 13C CP/MAS NMR spectra of cross-linked amino phase and 3-aminopropyl silica (APS)-SP8 before and after
the exposure to stress conditions and (B) signal assignment for cross-linked amino phase. The signal assignment for APS-SP8 is specified in
Figure 2

incorporation of roughly 1.37 μmol/m2 triglycidyl isocya-
nurate. This means that each crosslinker has, on average,
reacted with 2.5 amino groups, or in other words, 50% of
the crosslinkers have reacted with 2 and 50% with 3 amino
groups. This leads to a thin polymeric network of (sec-
ondary and tertiary) amino, amide, and hydroxy groups
on top of the silica surface. In this context, solid-state 13C
CP/MAS NMR analysis proved the successful reaction as
well (see Figure 3). Here, in particular, the emerged pre-
dominant amide carbon bond (C-10) confirms the effective
incorporation of the crosslinking agent. This SP should
be highly stable, while the hydrophilic basic character is
supposed to be largely maintained.

3.3 Preparation of coated, immobilized,
and cross-linked PEI silica for comparison

In order to compare the hydrolytic stability of the new
cross-linked aminopropyl silica phase in comparison to
polymeric amino phases, a variety of PEI-based SPs were
synthesized. To this end, three distinct approaches were
carried out applying branched PEI as a functional amino
group-rich reagent for the functionalization of silica and
three distinct procedures for SP preparation, for example,
a coated PEI phase, an immobilized PEI phase, and a cross-
linked PEI phase (see Figure 1). In the first approach, PEI
was attached physically to the surface of silica particles by
hydrogen-bonding and electrostatic interactions between
the basic amino groups of PEI and the acidic silanols
located on the supportťs surface resulting in the coated
PEI phase [20]. In the second approach, the silica was

first modified with (3-glycidyloxypropyl)trimethoxysilane
resulting in epoxy-silica. Subsequently, PEI was coated
by the same procedure on top of the epoxy-silica parti-
cles but additionally anchored chemically by nucleophilic
ring-opening reaction of epoxy groups by amines under
neat conditions (i.e., without solvent). Here, PEI accu-
mulated on the silica surface and did not require any
solvent due to its liquid nature. The primary and secondary
amines of PEI then reacted with the terminal carbon of
the oxiran moieties on the surface resulting in the for-
mation of β-hydroxy amine bridges. Thereby, the kinetics
of the epoxidesť aminolysis is much faster for the pri-
mary amines than for the secondary amines, whereas
tertiary amines usually do not react [34–37]. Owing to the
large quantity of primary and secondary amino groups of
PEI that can react, a layer of immobilized PEI anchored
by multiple binding sites to the silica surface was cre-
ated by this approach (immobilized PEI phase). For the
third approach, the immobilized PEI units were addi-
tionally cross-linked using 1,4-butanediol diglycidyl ether
resulting in an amino-rich, high molecular network on
top of the silica surface (cross-linked PEI phase). For all
three approaches, elemental analysis was utilized to esti-
mate the quantity of incorporated PEI according to the
assessed nitrogen content (see Table 1). It can be seen
that the carbon content increases from coated to immobi-
lized to cross-linked PEI phases while the nitrogen content
was lower for the coated phase and remained essentially
constant after crosslinking. These results indicate the suc-
cessful formation of a network structure that is supposed
to be highly stable and can serve as a reference in terms of
stability.
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F IGURE 4 Relative retention of N-tert-butoxycarbonyl-prolyl-phenylalanine (BocProPhe) (A) and O,O-diethyl thiophosphate (DETP)
(B) after defined periods of time flushing the investigated columns with stress solution (ACN/H2O/acetic acid, 30/70/0.1; v/v, pH 5, 60◦C)

3.4 Hydrolytic stability of the novel
cross-linked amino silica phase in
comparison to classical brush-type and
polymeric amino phases

The new cross-linked amido-aminopropyl silica SP was
evaluated regarding its hydrolytic stability in compari-
son to two commercially available amino phases (classical
brush-type 3-aminopropyl-silica, briefly termed classical
APS, and a polymeric amino phase (Phenomenex Luna
NH2), termed polymeric APS). Furthermore, an in-house
prepared brush-typeAPTES-silica (APTES-SP) and a num-
ber of polymeric PEI phases (coated PEI, immobilized
PEI, and cross-linked PEI) were tested as well to gain fur-
ther insights into specific stabilities of bondings of amino
phases. Due to different bonding, the latter ones lack
detachment of the functional ligands due to the catalytic
effect of the amino moiety under aqueous conditions [5].
For this purpose, all columns were subjected to a stress
test and applied to harsh mobile phase conditions. Basi-
cally, they were flushed with a highly aqueous mixture of
water, ACN, and acetic acid (adjusted to pH 5) at 60◦C for
in total of 50 h. After defined periods of time, the reten-
tion of two acidic test analytes (BocProPhe and DETP)
was investigated, in order to estimate the loss of bonding
by hydrolytic cleavage (see Figure 4). For this evaluation,
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F IGURE 5 Quantity of incorporated nitrogen of the prepared
amino silica gels and two commercial amino phases before and after
performing the stress test under highly aqueous conditions and
elevated temperatures. The nitrogen content was determined by
elemental analysis [13]

retention factors kwere normalized by the initial retention
factor k0measured before applying stress conditions to the
column. Additionally, the nitrogen content was assessed
for all phases before and after exposure to the stress solu-
tion by elemental analysis. The results are presented in
Figure 5.
As can be seen in Figure 4, retention factors of

BocProPhe and DETP drop quickly for the brush-type
aminopropyl phases (classical APS, APTES-SP). After 50 h
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of stress treatment, retention factors dropped by a fac-
tor of about 5 compared to the initial retention factor.
The silatrane-bonded brush-type APS-SP8 is significantly
more stable and the retention loss occurs less rapidly.
Unfortunately, after 50 h stress conditioning, there is
not much difference from the other brush-type amino
phases. Hence, it becomes evident that trifunctional silox-
ane bonding of 3-aminopropyl ligand is not enough stable,
and other concepts are required. The polymeric phase
containing physically adsorbed PEI (coated PEI phase)
showed almost no retention of the analytes even after
the first equilibration step during the test. For this rea-
son, it is not considered in Figure 4. The immobilized
PEI phase adopts an intermediate state of stability. It is
relatively stable and after 50 h stress testing still, around
60% of the retention is remaining. The cross-linked PEI
phase, on the contrary, is highly stable (Figure 4). The
same applies to the commercial polymeric amino phase
(polymeric APS; Luna NH2). On the other hand, the new
cross-linked amino phase with network structure showed
similar stability as the cross-linked PEI phase and Luna
NH2. After an initial drop, by which presumably remain-
ing non-cross-linked aminopropyl ligands were removed,
this cross-linked amino phase was very stable and per-
tained its retention characteristics over the tested period
(see Figure 4).
These findings are confirmed by the elemental analysis

of the SPs from the emptied column after stress testing. It
is evident from Figure 5 that the nitrogen content is dra-
matically dropped for the commercial aminopropyl silica
(classical APS). The same is observed for APTES-silica,
while the corresponding silatrane-bonded amino phase
(APS-SP8) showed slightly higher, but also low, nitrogen
content, as expected from the retention characteristics of
Figure 4. In contrast, the commercial polymeric amino
phase Luna NH2 (polymeric APS) experienced only a
minor nitrogen loss, a determined by elemental analysis,
in the course of column stressing (80% of N still present
after the stress test) (Figure 5), which corresponded to
the chromatographic test. As mentioned above, the coated
PEI phase almost completely lost the nitrogen and thus
retention. The immobilized and cross-linked PEI phase
retained 80 and 90% of the initial nitrogen, respectively,
being indicative of high stability as expected. Interestingly,
the cross-linked amido-amino network silica (cross-linked
amino phase) had nitrogen close to 100% of its initial value
after the stress test and showed the lowest loss of nitro-
gen of all tested phases (Figure 5). This is promising and
confirms the stable bonding.
Hence, the beneficial hydrolytic stability characteris-

tics of the new cross-linked amino phase should enable
analysis at high temperatures in aqueous chromatographic
modes such as HILIC or RPLC. Furthermore, extended

column lifetimes are typically associated with diminished
ligand bleeding as well as reduced MS background noise.

3.5 Chromatographic evaluation of
cross-linked versus brush-type amino
phases in three chromatographic modes
(HILIC, RPC, andWAXC)

The surface of the prepared novel cross-linked amino
phase offers amultitude of interaction opportunities due to
its various functional groups. Amino, amide, hydroxy and
residual silanol groups create an overwhelmingly polar
surface in spite of its high carbon content (10.7% C vs.
4.6% C on APTES silica) with a large quantity of electron
acceptor and donor sites.
The carbon content of∼11% comes close toC8RPphases.

To evaluate whether residual hydrophobic selectivity (as
assessed by the methylene selectivity αCH2) is available,
a simple RP test was devised [38]. For this exploration,
under RPC conditions a mixture of two lipophilic alkyl-
benzenes differing in one methylene unit (BuB and PeB)
and two acidic compounds differing in lipophilicity and
acidity was utilized. The alkylbenzenes were not retained
on the new cross-linked amino phase and thus exhib-
ited a similar hydrophobic retention profile to the other
amino phases that showed no or negligible retention of
the neutral alkylbenzenes (cf. Figure 6A and Table S6).
This confirmed the overbalancing hydrophilic character of
the new amido-amino polymer network on the silica sur-
face. In contrast, all phases showed sufficient retention and
excellent separation of the two acidic compounds. Expect-
edly, themore lipophilic acid BocProPhe is eluted typically
prior to DETP, except for classical APS due to its low amino
group coverage (1.37 μmol N/m2).
The strongly hydrophilic character thus classifies the

novel cross-linked amido-amino phase as a tentative
HILIC phase (potentially complementary to classical
amide and sulfobetaine chemistries as well as to unmod-
ified silica) [39–41]. Thus, three sets of analytes (nucleo-
sides, xanthines, and vitamins) were selected to examine
the chromatographic performance of the SPs under HILIC
conditions. The resultant chromatograms for the nucleo-
side test mixture are depicted in Figure 6B in comparison
to the amino phaseAPS-SP8; for chromatographic parame-
ters (Table S6 and Figure S15). The elution patterns are very
similar, yet the cross-linked amido-amino phase showed
added selectivity and could resolve adenosine from uri-
dine which co-eluted on the amino phase APS-SP8. The
retention factor of uridine can be used as a probe to char-
acterize the hydrophilicity of the surface in HILIC mode.
It measured a kuridine of 3.03 on the cross-linked amino
phase, comparable to the TSKGel Amide-80 HILIC phase
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(kuridine 3.45; cf. Table S6). The brush-type aminopropyl
phase APS-SP8 gave a retention factor kuridine of 6.46 indi-
cating higher hydrophilicity. The investigated xanthines
differed in degree and position of N-methylation. Thus,
the trimethyl xanthine derivative caffeine is eluted first
on the cross-linked amino phase in HILIC mode, whereas
the acidic dimethyl theophylline is eluted last, after theo-
bromine, which is indicative of the basic surface character
(cf. Figure S15). Finally, the separation of various water-
soluble vitamins was examined as illustrated in Figure S15.
Here, in particular, the negatively charged vitamins ascor-
bic acid and nicotinic acid are eluted subsequently to the
neutral or positively charged ones due to the AEX capac-
ity of the SP. Overall, the cross-linked amido-amino phase
exhibited decreased retention in HILIC for all analytes
compared to its aminopropyl precursor phase, presumably
due to better silanol accessibility of the polar analytes.
Since the new phase offers weak AEX capacity proper-

ties a set of derivatized amino acidswas utilized to evaluate
the effect of surface charge in more detail. In this con-
text, the ionic strength (10, 20, and 50 mM) and the pH
value (3.5, 5, and 7) of the mobile phase were studied. The
amino acid derivatives differed with regard to their acidity
and basicity. Thus, two acidic (AcPhe, AcTrp), two basic
(PheOMe and Trp hydrochloride), two zwitterionic (Phe,
Trp), and one neutral analyte (AcPheOEt) were part of
this test mixture. The respective chromatograms for the
phenylalanine derivatives are depicted in Figure 6C for
the cross-linked amino phase and its brush amino phase
precursor (APS-SP8). It becomes evident that retention is
strong for the acidic amino acid derivatives. Moreover, the
cross-linked amino phase exhibits AEX capacity over the
pH range from 3.5 to 7. Maximal retention was observed in
the intermediate pH range (pH 5; see Figure 7 and Figure
S17) where the product of the degree of dissociation of the
acidic amino acid derivatives (AcPhe, AcTrp) and the basic
groups on the SP furnished a maximum. As expected, the
ionic strength of the mobile phase significantly affects the
retention of the acidic derivatives which can be scrutinized
in greater detail by the stoichiometric displacement model
(Equation (1); a linear decrease of log kwith log counterion
concentration c) which offers a straightforward possibility
to prove the prevalence of the anionic exchange process
(Figure 7) [42, 43].

log � = log�� − � log � (1)

where in, the slope z describes the ratio between the effec-
tive involved charges of the analyte and the counterions,
log Kz represents the intercept on the log k-axis (retention
factor at 1 M counterion concentration) and is depending
on the applied ion-exchange system. The largest logKz val-
ues were achieved at pH 5 for AcPhe (pH 3.5: 1.88 ± 0.01,
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F IGURE 6 Chromatograms obtained from the
characterization of cross-linked amino phase and 3-aminopropyl
silica (APS)-SP8 under RPC (A), HILIC (B), and weak anion
exchange chromatography (WAXC) (pH 5, 50 mM) (C) conditions
[42]. The following analytes were used for chromatographic
exploration: BuB (1), PeB (2),
N-tert-butoxycarbonyl-prolyl-phenylalanine (BocProPhe) (3),
O,O-diethyl thiophosphate (DETP) (4), thymidine (5), uridine (6),
adenosine (7), cytidine (8), guanosine (9), L-phenylalanine methyl
ester (PheOMe) (10), N-acetyl-phenylalanine ethyl ester (AcPheOEt)
(11), L-phenylalanine (Phe) (12), N-acetyl-L-phenylalanine (AcPhe)
(13). Detailed chromatographic conditions and parameters can be
found in the supplementary material

pH 5: 2.68 ± 0.00, pH 7: 1.61 ± 0.07) and AcTrp (pH 3.5:
1.90± 0.01, pH 5: 2.60± 0.07, pH 7: 1.84± 0.03) illustrating
the strongest electrostatic interaction between the analytes
and the SP at this pH.
From these results, it can be derived that the cur-

rent cross-linked amino phase has characteristic retention
increments of amino phases and can be a useful SP replac-
ing classical amino phaseswith amore stablematerialwith
similar retention behavior.

CHAPTER SIX: PUBLICATION V | 179

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 



WOLTER et al.

(A)

1.0 1.5

0.8

1.6

2.4  pH 3.5
 pH 5
 pH 7

k gol

log c [log mM]

AcPhe (B) AcTrp

1.0 1.5

0.8

1.6

2.4  pH 3.5
 pH 5
 pH 7

k gol

log c [log mM]

F IGURE 7 Evaluation of the ion-exchange capacity of the
cross-linked amino phase for N-acetyl-L-phenylalanine (AcPhe) (A)
and N-acetyl-L-tryptophan (AcTrp) (B) under varying buffer
concentrations and pH values. Detailed conditions are given in
Figure S17
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3.6 Classification of cross-linked amino
silica compared to commercial
benchmarks by PCA

Finally, a benchmarking study was performed to assess
the position, in terms of similarity and orthogonality of
retention characteristics, of the new cross-linked amino
phase amongst a number of classical HILIC, polar RP,
mixed-mode, and amino phases. Thus, the resultant reten-
tion factors obtained for the test analytes examined under
HILIC and RP conditions were subjected to a PCA in
order to classify the various columns. Retention factors
and surface chemistries of the SPs used are depicted (cf.
Figure S19 and Table S6). The score plots of the PCA are
shown in Figure 8, and the corresponding loadings plot in
Figure S21. It becomes evident that the latent variable PC1
reflects increasing hydrophilicity of the surface of the SPs
the larger the scores. On the contrary, the latent variable

PC2 encodes for the charge of the SPs which varies from
net negative to net positive with increasing PC2 scores. It
is striking that the new cross-linked amino material was
located nearby the classic APS in the score plot. Inter-
estingly, its precursor APS-SP8 appears to have a more
dissimilar character illustrating the effect of crosslinking
leading to apparently decreased hydrophilicity and lower
surface charge. The new cross-linked amino phase has
higher hydrophilicity than the commercial polymeric PEI
phase (BioBasic AX) and comparable hydrophilicity to the
commercial polymeric APS (Luna NH2). It turns out to
be significantly more polar than the evaluated polar RP
(Synergi Fusion) andmixed-mode phases (AcclaimMixed-
mode WAX1, Uptisphere MM3, Primesep B2, Obelisc R
and N, and Chiralpak QN-AX). In conclusion, the new
cross-linked amido-amino network silica (cross-linked
amino phase) was mapped at a similar PC1-axis level as
most HILIC and amino phases emphasizing its signifi-
cant hydrophilicitywhile at the PC2-axis level, thematerial
showed similar charge levels as the classical amino phase
and significant orthogonality to common HILIC phases
with amide (TSKgelAmide-80) and sulfobetaine chemistry
(ZIC-HILIC, PC-HILIC, and nucleolar HILIC).

3.7 Potential applications

3.7.1 Carbohydrates

Carbohydrate analysis is of considerable practical impor-
tance in many fields (including food and drug analy-
sis as well as metabolomics). Due to the hydrophilic
character of carbohydrates, HILIC represents a preferred
chromatographicmode for their analysis. Thus, the usabil-
ity of the cross-linked amino phase was evaluated for
the analysis of six carbohydrates under classical HILIC
conditions. An exemplary chromatogram is depicted in
Figure 9; more extensive data are provided (see Figure
S22 and Table S7). As can be seen, all six carbohydrates
can be separated under the given isocratic chromato-
graphic conditions in accordance with their distribution
coefficient logP (see Figure S23). It is striking that sin-
gle peaks were observed for all carbohydrates, also the
reducing ones, and no anomers were resolved such as
by many HILIC columns [44, 45]. This avoids compli-
cations and limits isomeric overlaps. Investigations into
the retention mechanism (study of temperature and ACN
dependency) revealed common behaviors. Thus, retention
decreases with increasing temperatures and increasing
concentration c of water in the mobile phase. In conse-
quence, the new cross-linked amido-amino network silica
demonstrated its usefulness for the separation of polar
carbohydrates in HILIC mode.
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F IGURE 9 Separation of six carbohydrates on the cross-linked
amino phase by hydrophilic interaction liquid chromatography
(HILIC)-MS/MS (mobile phase: ACN/H2O (80/20, v/v), flow rate:
0.5 ml/min, temperature: 45◦C, detection by mass spectrometry
[parameters are defined in the Supporting Information], analytes:
xylose (1), fructose (2), glucose (3), sucrose (4), maltose (5),
maltotriose (6))

3.7.2 Sulfonamides

Finally, the separation of sulfonamides was evaluated
as another potential application of the new cross-linked
amino phase. The sulfonamide structural element is
present in a variety of drug classes (including antibiotics,
antidiabetics, and diuretics) and is typically characterized
by its amphoteric nature due to the basic aromatic amino
functionality and the acidic -SO2-NH- moiety. The com-
pounds are hydrophilic and hence aHILIC-type separation
appears most appropriate.
Initially, the main factors with influence on retention

and selectivity, such as water content, buffer concen-
tration, and temperature were investigated. This study
revealed some unexpected behaviors. As can be seen in
Figure S24 the separation of 7 sulfonamides was feasible
under isocratic HILIC conditions without the addition of
buffer ions to the mobile phase (cf. Figure S24H–K). Inter-
estingly, retention increased with the water content (from
5% to 20%) (except for sulfaguanidine (2)). This is counter-
intuitive for a HILIC mechanism, however, may be related
to increasing dissociation of the weakly acidic sulfon-
amide with higher water content and hence strengthened
ionic interactions. However, two analytes (sulfisoxazole
and furosemide) could not be eluted under these condi-
tions, probably due to strong AEX interactions. To balance
the ionic interactions required the addition of counterions
(buffer anions) to themobile phase (cf. Figure S24E–G). In
doing so, the increase of buffer concentration leads to faster
elution, especially for the more strongly retained analytes
proving the underlying ion-exchange mechanism. Finally,
the influence of temperature on the separation was exam-
ined in the range from 15 to 55◦C (cf. Figure S24A–E).
Unexpectedly, retention of the analytes was enhancedwith
rising temperatures which is illustrated in the respective
vanťt Hoff plot in Figure 10B. This is contrary to the
common behavior that shows decreasing retention times
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(A)
1

2
3

4 5 6 7
8

9

(B)

3.33.0
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2.0

3.0
 furosemide
 sulfamethoxazol
 sulfadimethoxime

k nl

1/T x 1000 [1/K]

F IGURE 10 Separation of nine sulfonamides under
hydrophilic interaction liquid chromatography–weak anion
exchange chromatography (HILIC-WAX) elution mode. (A)
Chromatogram obtained under gradient elution at 55◦C. The mobile
phase consisted of ACN/H2O (90/10, v/v) and ammonium acetate
(pH 7; gradient: 0 –20 mM in 10 min). Analytes: sulfanilamide (1),
sulfaguanidine (2), sulfamerazine (3), sulfadiazine (4),
sulfadimethoxine (5), sulfamethoxazole (6), sulfacetamide (7),
sulfisoxazole (8), and furosemide (9). (B) vanťt Hoff plot illustrating
the effect of temperature T on the obtained retention factors k.
Further chromatographic parameters are given in the Supporting
Information

with an increase in column temperatures (enthalpic con-
trol). One possible explanation for this behavior could be
entropic control of the adsorption process, e.g. increased
retention due to the release of water shells on analytes and
SP associated with a gain in entropy. However, the effect
might be also explained by the temperature-dependent
change of acidity of the analytes and basicity of the SP,
respectively. Since dissociation is typically an endother-
mic process for most acids, acidity usually increases along
with the temperature. Thus, it was reported that pKa val-
ues of weak acids (or pKb values of weak bases) can
shift up to −0.03 units/K [46]. Consequently, the rise
in temperature might strengthen the ionic interactions
between the SP and analytes owing to an alteration of
the acido-basic properties of the system leading finally
to an enhanced AEX process at elevated temperatures.
The optimized isocratic separation of the complex sulfon-
amide mixture is shown in Figure 10A. In conclusion,
the analysis of hydrophilic sulfonamides documents the
applicability of the new cross-linked amino phase under
HILIC-WAX mode revealing stable and robust separa-
tions even at elevated temperatures. This SP holds some
promise to complement the parameter space of SP surface
chemistries in HPLC.

4 CONCLUDING REMARKS

In this work, the preparation of novel cross-linked amino
silica was reported. The novel stable-bonded amino silica
phase exhibited greater hydrolytic stability after crosslink-
ing than the precursor aminopropyl silica and achieved
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column stability characteristics comparable to a commer-
cial highly stable polymeric amino column. The chro-
matographic performance of the novel phase was investi-
gated under several chromatographic conditions including
RPLC, HILIC, and WAX chromatography elution modes.
It turned out that the material preserved AEX capac-
ity after crosslinking. The retention characteristics and
usefulness of the material were illustrated by the separa-
tion of nucleosides, water-soluble vitamins, sulfonamides,
and carbohydrates. Overall, the novel cross-linked amido-
amino phase showed interesting chromatographic perfor-
mance combining typical amino phase behavior in the
chromatographic space with exceptional column stability.
It, therefore, represents an excellent alternative to classi-
cal amino phases appropriate for the analysis of polar or
charged analytes.
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PART I: Synthesis of (3-aminopropyl)silatrane 

Fig. S1. Reaction scheme for condensation reaction between APTES and 

triethanolamine resulting in the formation of (3-aminopropyl)silatrane. Synthesis 

procedure: 0.1 mol APTES, 0.1 mol triethanolamine and 4 mg sodium hydroxide 

were dispersed initially in 20 mL methanol within a 250 mL round bottom flask. 

Thereafter, methanol was slowly evaporated using a rotary evaporator equipped 

with a water bath kept at 25 °C. When the solvent was fully evaporated, the water 

bath temperature was adjusted to 60 °C and ethanol formed in the condensation 

reaction between APTES and triethanolamine was constantly removed by 

evaporation. After precipitation of the reaction product evaporation was proceeded 

for additional 30 min. Subsequently, the reaction product was dissolved in 15 mL 

methanol and recrystallized from 150 mL toluene for 12 h. Hereafter, the reaction 

product was collected and carefully washed 3 times with 25 mL cold toluene using 

a glass funnel of porosity 5 and dried under permanent vacuum at 40 °C for 24 h. 

Finally, (3-aminopropyl)silatrane was stored under vacuum at 8 °C until it was used 

for silica modification. Synthesis control was carried out by NMR. The 

corresponding NMR spectra are depicted in Fig. S2-S3. 
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Fig. S2. NMR spectra of (3-aminopropyl)silatrane: (a) 1H NMR spectrum ((Jt [Hz]), 

CDCl3, 400 MHz): δ 0.36-0.41 ppm (m, 2H), 1.26 ppm (br s, 2H), 1.46-1.53 ppm (m, 

2H), 2.60 ppm (t, Jt = 6.92, 2H), 2.77 ppm (t, Jt = 5.82, 6H), 3.73 ppm (t, Jt = 5.82, 

6H);  (b) 13C NMR (CDCl3, 400 MHz): δ 13.12 ppm (1C), 29.96 ppm (1C), 45.93 

ppm (1C), 51.35 ppm (3C), 58.04 ppm (3C). NMR spectra were calibrated to the 

solvent peaks with δ(1H) = 7.24 ppm and δ(13C) = 77.23 ppm [1]. 

Fig. S3. Comparison of 29Si NMR spectra (CDCl3, 400 MHz) of (a) (3-

aminopropyl)silatrane and (b) (3-aminopropyl)triethoxysilane (APTES). Here, the 

increased electron density on the silatrane´s silicon due to the transannular donor-

acceptor N→Si bond provokes the high-field shift from ~ 45 ppm to ~ 65 ppm. 

(a) (b)
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PART II: Synthesis of amino phases 
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Fig. S4. Preparation of APTES-SP. Synthesis procedure: Bare silica particles (5 g; 

100 Å, 5 µm, 320 m2/g) were suspended in 25 mL anhydrous toluene within a 100 

mL triple neck flask equipped with a mechanical stirrer and a reflux condenser with 

a nitrogen supply. Then, (3-aminopropyl)triethoxysilane (8 µmol/m2) and 4-

dimethylaminopyridine (5 % n/n of APTES) were added to the suspension and the 

reaction vessel was heated up to reflux. Subsequently, the reaction was allowed to 

proceed for 3 h under nitrogen atmosphere. Afterwards, the silica was washed 3 

times with boiling methanol and boiling toluene each using a glass funnel of porosity 

4. Finally, the silica was dried in a vacuum chamber at 60 °C for 24 h.
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Fig. S5. Preparation of coated PEI phase by adsorption of PEI onto bare silica 

particles. Synthesis procedure: 0.5 g bare silica was weighed into a 100 mL round 

bottom flask and suspended in 25 mL chloroform. Subsequently, branched 

polyethylenimine (8 µmol N/m2; assuming 1 mol N per 43.07 g PEI) was added and 

the suspension carefully mixed. Then, the flask was attached to a rotary evaporator 

equipped with a water bath kept at 25 °C and the solvent was evaporated 

generating a thin silica film on the inner wall of the flask. Thereafter, the flask was 
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flushed with nitrogen for 10 min and placed in a heating chamber tempered at 100 

°C for 6 h. Finally, the silica was washed with boiling methylene chloride, a mixture 

of boiling methanol and water (80/20; v/v), boiling methanol and boiling toluene 

three times each and dried in a vacuum chamber at 60 °C for 24 h. 
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Fig. S6. Preparation of epoxy-silica and immobilized PEI phase. Synthesis 

procedure for epoxy-silica: Bare silica particles (1.0 g; 100 Å, 5 µm, 320 m2/g) were 

suspended in 25 mL anhydrous toluene within a 100 mL triple neck flask equipped 

with a mechanical stirrer and a reflux condenser with a nitrogen supply. After adding 

(3-glycidyloxypropyl)trimethoxysilane (8 µmol/m2) to the suspension the reaction 

vessel was heated up to 80 °C and the reaction was allowed to proceed for 24 h. 

Thereafter, the silica was washed with boiling toluene and boiling methylene 

chloride three times each using a glass funnel of porosity 4 and dried in a vacuum 

chamber at 60 °C for 2 h. Synthesis procedure for immobilized PEI phase: 0.5 g of 

epoxy-silica was transferred to a 100 mL round bottom flask and suspended in 25 

mL chloroform. Subsequent to the adding of branched polyethylenimine (8 µmol 

N/m2; assuming 1 mol N per 43.07 g PEI) the flask was attached to a rotary 

evaporator equipped with a water bath tempered at 25 °C and the solvent was 

evaporated generating a thin silica film on the inner wall of the flask. Hereafter, the 

flask was flushed with nitrogen for 10 min and placed in a heating chamber 

tempered at 100 °C for 6 h. Lastly, the silica was washed with boiling methylene 

chloride, a mixture of boiling methanol and water (80/20; v/v), boiling methanol and 

boiling toluene three times each and dried in a vacuum chamber at 60 °C for 24 h. 
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Fig. S7. Preparation of crosslinked PEI phase. Synthesis procedure: 0.25 g of 

immobilized PEI phase were suspended in 10 mL of a solution of 1,4-butanediol 

diglycidyl ether and 1,4-dioxane (5/95; v/v) within a 100 mL round bottom flask 

under nitrogen atmosphere. After 2 h the flask was equipped with a reflux 

condenser and the suspension was heated up to 100 °C for 45 min under nitrogen 

atmosphere. Finally, the resulting silica (crosslinked PEI phase) was washed with 

boiling methanol and boiling toluene three times each and dried in a heating 

chamber at 60 °C under vacuum. 

Fig. S8. Scheme of amine-epoxy reactions for (a) primary amines, (b) secondary 

amines and (c) hydroxy-epoxy addition reaction.  
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Fig. S9. Proposed reaction process for the detachment of functional aminopropyl 

moiety via hydrolysis under aqueous conditions due to the catalytic effect of the 

amino group based on [2] and [3].  
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Fig. S10. Proposed mechanism of silanization reaction using 4-

dimethylaminopyridine (DMAP) as catalyst based on [4] and [5]. Firstly, DMAP 

adsorbs to the silica surface and forms a hydrogen bond to a surface silanol. The 

accompanying increased nucleophilicity of the silanol´s oxygen provokes finally the 

nucleophilic attack on the silanization agent´s silicon. Likewise, the deprotonation 

of the surface silanol by DMAP is conceivable in a first step leading to the 

nucleophilic silanolate anion. 
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Table S1. Deconvolution of 29Si CP/MAS NMR signals of APTES-SP and APS-

SP1-8: Proportion of T1, T2 and T3. Deconvolution was carried out using Topspin 

4.0.8 software from Bruker by applying Gaussian curves over the signals.  

SP 
T11 T22 T33 
[%] [%] [%] 

APTES-SP 16.3 50.6 33.1 
APS-SP1 7.9 42.9 49.2 
APS-SP2 6.3 45.5 48.2 
APS-SP3 10.3 41.0 48.7 
APS-SP4 3.7 45.2 51.1 
APS-SP5 5.5 41.2 53.3 
APS-SP6 6.3 31.4 62.3 
APS-SP7 5.5 29.5 65.0 
APS-SP8 0.9 29.0 70.1 

1 corresponding to monofunctional attached ligand 
2 corresponding to difunctional attached ligand 
3 corresponding to trifunctional attached ligand 
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Fig. S11. Initial mechanism of acid-catalyzed silica surface modification using (3-

aminopropyl)silatrane. Due to the transannular donor-acceptor N→Si bond of the 

silatrane, the silatrane´s silicon atom is not prone to nucleophilic attacks, since it 

remains less polarized [6]. Nevertheless, the reactivity of the silatrane bumps up in 

acidic environments (as silica surfaces) due to its oxygen atoms´ proton affinity 

(which is higher than for its nitrogen atom due to kinetic reasons [7]). By this means 

the formation of polarized hydrogen-bond complexes between the reactive acidic 

silanol groups on the silica surface and the Si-O bond of the silatrane becomes 

feasible making its linking to the surface in a concerted nucleophilic substitution 

reaction subsequently happen. Withal these reaction protonation of the oxygen can 

occur first alike making the silatrane´s silicon atom susceptible to the ensuing 

nucleophilic attack of the silanol groups as well. However, both processes lead to 

the same outcome [8]. 
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PART III: van Deemter analysis 

Fig. S12. H/u curves recorded for APTES-SP, APS-SP8 and crosslinked amino 

phase using BocProPhe and DETP. H/u-curves were recorded under isoeluotropic 

conditions. A mixture of acetonitrile, water and acetic acid (30/70/0.1; v/v/v, pH 

adjusted to 5 with ammonia) was used as mobile phase and measurements were 

performed at 25 °C. Isoelutropic conditions were achieved by adding acetonitrile to 

the mobile phase. The injection volume was amounted to 2 µL and detection was 

carried out at 220 nm. Acetone served as void volume marker. Van Deemter 

analysis was conducted according to [9] and delivered the following results: for 

APTES-SP: a-term = 2.53 ± 0.18 (DETP), 1.89 ± 0.11 (BocProPhe); b-term = 4.48 

± 0.09 (DETP), 2.40 ± 0.05 (BocProPhe); c-term = 0.05 ± 0.01 (DETP), 0.16 ± 0.05 

(BocProPhe); APS-SP8: a-term = 2.47 ± 0.16 (DETP), 1.79 ± 0.21 (BocProPhe); b-

term = 4.81 ± 0.08 (DETP), 2.54 ± 0.10 (BocProPhe); c-term = 0.05 ± 0.01 (DETP), 

0.16 ± 0.05 (BocProPhe); crosslinked amino phase: a-term = 4.21 ± 0.35 (DETP), 

2.62 ± 0.178 (BocProPhe); b-term = 5.36 ± 0.16 (DETP), 2.52 ± 0.08 (BocProPhe); 

c-term = 0.06 ± 0.02 (DETP), 0.20 ± 0.01 (BocProPhe). The similar c-terms found
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for APTES-SP and APS-SP8 may indicate similar ligand film thickness on the silica 

surface. Although silatranes were reported to produce thinner and more 

homogenous films [10], here silatrane modification was apparently not superior to 

APTES modification in this regard. This might be explained by the fast physisorption 

of APTES to the supports surface by hydrogen-bonding and electrostatic interaction 

between its basic amino moiety and the acidic silica silanols which might lead as 

well to a favored reaction directly on the silica surface, as it is assumed for 

silatranes. Remarkably, the crosslinking of the aminopropyl brushes in the amido-

amino network silica phase did not have a significant effect on the c-term but the a-

term was a bit compromised. It may be possible that the packing procedure needs 

re-optimization to reduce the packing factor of the a-term. Since the c-term was not 

significantly affected, it can be concluded that the bonding chemistry with the 

network structure on the surface is a viable approach useful for synthesis of a stable 

stationary amino phase. 
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a) 13C CP/MAS NMR b) 29Si CP/MAS NMR

PART IV: Stress test 

Table S2. Chromatographic parameters of the investigated in-house prepared 

stationary phases during the stress test. 

 BocProPhe 
0 h 7 h 20 h 50 h 
K k k k 

APTES-SP 12.89 5.55 1.87 0.37 
APS-SP8 13.72 10.39 5.50 1.61 

crosslinked amino phase 11.16 9.42 9.26 9.28 
immobilized PEI 

phase 20.61 15.48 13.47 11.66 

crosslinked PEI phase 18.80 17.53 17.32 16.59 

DETP 
0 h 7 h 20 h 50 h 
K k k k 

APTES-SP 26.35 4.45 1.57 0.24 
APS-SP8 28.38 12.35 5.32 1.40 

crosslinked amino phase 13.54 11.61 12.06 12.64 
immobilized PEI 

phase 36.84 24.42 19.73 16.40 

crosslinked PEI phase 29.44 25.80 24.64 22.97 

Fig. S13. Solid-state CP/MAS NMR spectra of APTES-SP after exposure to stress 

test conditions. The small carbon signal at ~ 50 ppm can be assigned to the carbons 

of methoxy groups generated on the silica surface during the flushing with 

methanolic solvent. For CP/MAS NMR measurements magic angle spinning was 

carried out using 7 mm double bearing zirconia rotors and spinning rates of 8000 

Hz for 13C NMR and 4000 Hz for 29Si NMR measurements. For 13C NMR 

measurements the 90 ° proton pulse length was 2.5 µs, the contact relaxation delay 

times 2 µs and the pulse interval 2 ms. For 29Si CP/MAS NMR the 90 ° proton pulse 

length was 3.3 µs, the contact relaxation delay times 2 ms and the pulse interval 5 

ms.  
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PART V: Characterization under RPLC and HILIC conditions 

Fig. S14. The chromatographic performance under RPC conditions (cf Fig. 6A) was 

investigated by the separation of the four analytes PeB (1; logD(pH 6) ~ 4.261), BuB 

(2; logD(pH 6) ~ 3.821), BocProPhe (3; pKa ~ 3.61, logD(pH 6) ~ -0.061) and DETP 

(pKa ~ 3.61, logD(pH 6) ~ -0.971). Here, a mixture of ACN and water (40:60, v/v) 

containing 50 mM acetic acid was used as mobile phase and the pH of the mobile 

phase was adjusted to 6 with ammonia. The linear flow velocity was set to 1.7 mm/s 

and detection was carried out at 220 nm. The injection volume was amounted to 2 

µL and the temperature set to 25 °C. The analytes were all dissolved in the mobile 

phase reaching a concentration of 0.8 mg/mL. Uracil was used as void volume 

marker.1calculated using MarvinSketch 20.19 software (ChemAxon, 

www.chemaxon.de). 

Fig. S15. Chromatograms obtained from investigation of crosslinked amino phase 

under HILIC conditions. For the characterization under HILIC conditions three sets 

of analytes were investigated. The first set consisted of xanthines (grey: 1-caffeine, 

2-theobromine, 3-theophylline), the second one of vitamins (black: 1-thiamine, 2-
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pyriodxine, 3-riboflavine, 4-nicotinic acid, 5-ascorbic acid) and the third one of 

nucleosides (red: 1-thymidine, 2-uridine, 3-adenosine, 4-cytidine, 5-guanosine). For 

the investigation of xanthines a mobile phase consisting of ACN and water (90:10, 

v/v) containing 5 mM ammonium acetate was utilized, for the investigation of 

vitamins and nucleosides a mobile phase consisting of ACN and water (95:5, v/v) 

containing 5 mM ammonium acetate. The flow rate was calculated to the 

corresponding linear velocity of 1.7 mm/s. The injection volume was set to 2 µL, the 

temperature to 25 °C and detection was carried out at 254 nm. The void volume 

was determined by toluene. All analytes were dissolved in the mobile phase 

reaching a concentration of 1 mg/mL. 

Fig. S16. Xanthines, nucleosides and vitamins submitted to HILIC test as test 

analytes: (1) caffeine (logD(pH 8) ~ -1.061), (2) theobromine (logD(pH 8) ~ -1.281), 

(3) theophylline (logD(pH 8) ~ -1.321), (4) adenosine (logD(pH 8) ~ -2.091), (5)

guanosine (logD(pH 8) ~ -3.221), (6) cytidine (logD(pH 8) ~ -2.801), (7) uridine

(logD(pH 8) ~ -2.421), (8) thymidine (logD(pH 8) ~ -1.331), (9) ascorbic acid (pKa ~

4.21, logD(pH 8) ~ -5.271), (10) nicotinic acid (pKa ~ 2.81, logD(pH 8) ~ -3.041), (11)

pyridoxine (logD(pH 8) ~ -0.971), (12) riboflavin (pKa ~ 6.01, logD(pH 8) ~ -2.601),

(13) thiamine hydrochloride (logD(pH 8) ~ -3.101). 1calculated using MarvinSketch

20.19 software (ChemAxon, www.chemaxon.de)
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PART VI: Exploration of the ion-exchange characteristics 

Fig. S17. Exploration of the ion exchange characteristics of the crosslinked amino 

phase at different pH values and ionic strengths of the mobile phase. For the 

evaluation of the ion exchange retention mechanism of the prepared stationary 

phase the separation of phenylalanine (coloured black) and tryptophan (coloured 

red) derivatives (black: 1-PheOMe, 2-AcPheOEt, 3-Phe, 4-AcPhe; red: 1-TrpAmide, 

2-Trp, 3-AcTrp) was investigated under mobile phase conditions with varying ionic

strength and pH. The obtained chromatograms are depicted in a). The log k vs. log

c (buffer) plots (according to the stoichiometric displacement model) are presented

in b). In this study, a mobile phase consisting of ACN and water (80:20, v/v) adjusted

to pH 3.5, 5 or 7 and containing 10 mM, 20 mM or 50 mM of formic acid (for pH 3.5)
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or acetic acid (for pH 5 and 7) was used. The pH was adjusted with ammonia. The 

flow rate was set to 1 mL/min, the temperature to 25 °C, the injection volume to 2 

µL and detection was carried out at 258 nm (for the phenylalanine derivatives) and 

280 nm (for the tryptophan derivatives), respectively. The analytes were dissolved 

in ACN/H2O (80/20, v/v) reaching a concentration of 0.5 mg/mL. Toluene was used 

as void volume marker. 

Fig. S18. Phenylalanine and tryptophan derivatives employed for the exploration of 

the ion-exchange characteristics of crosslinked amino phase; pKa values were 

calculated using MarvinSketch 20.19 software (ChemAxon, www.chemaxon.de). 

Table S3. Chromatographic parameters obtained from analysis of amino acid 

derivatives on crosslinked amino phase. 

pH 3.5 pH 5 pH 7 
10 mM 20 mM 50 mM 10 mM 20 mM 50 mM 10 mM 20 mM 50 mM 

K K k k k K k k k 
Phe 1.82 1.69 1.58 1.54 1.61 1.66 1.49 1.51 0.19 

AcPhe 10.11 5.44 2.47 71.31 40.4 18.96 7.68 4.25 2.32 
PheOMe with t0 with t0 with t0 0.01 with t0 0.06 0.14 0.16 0.12 

AcPheOEt 0.13 0.14 0.14 0.12 0.13 0.14 0.14 0.16 0.12 
Trp 2.40 2.07 1.92 1.55 2.24 2.34 2.08 2.11 2.11 

AcTrp 11.30 6.16 2.86 75.22 49.4 24.12 11.75 6.60 3.34 
TrpAmide with t0 with t0 with t0 0.14 with t0 with t0 0.32 0.42 0.59 
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PART VII: Stationary phase classification 

Table S4. Elemental composition and surface areas of commercial columns used 

for PCA. Data were taken from [11].  

C 
[w-%] 

H 
[w-%] 

N 
[w-%] surface area [m2/g] selector coverage [mmol/g] 

Acclaim Mixed Mode WAX-1 12.70 2.50 1.46 300 0.52 
Uptisphere 5 MM3 8.14 1.79 0.19 320 0.14 

Primesep B2 8.38 1.83 0.65 n/a 0.46 
Obelisc R 8.93 1.92 0.66 n/a 0.47 
Obelisc N 4.59 1.21 0.30 n/a 0.21 

Chiralpak QN-AX 15.14 2.38 1.59 300 0.38 
BioBasic AX 3.7 0.77 0.58 100 0.22 

Synergi Fusion-RP 12.00 n/a - 475 n/a 
TSKGel Amide-80 11.06 1.99 2.46 n/a 1.76 
Polysulfoethyl A 9.95 1.74 3.47 100 0.55 

ZIC-HILIC 8.74 1.77 1.02 140 0.59 
Chromolith Performance Si - - - 300 - 

n/a = not available 

Fig. S19. Surface chemistries of commercial columns classified by PCA. 
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Table S5. Retention factors obtained from RPC and HILIC test for in-house 

prepared and commercial columns used for PCA. Data of commercial columns were 

partially taken from [12]. 

kBuB kPeB kDETP kBocProPhe 

Acclaim Mixed Mode WAX-1 5.52 8.47 14.45 34.75 
Uptisphere 5 MM3 27.73 48.89 0.19 0.28 

Primesep B2 9.97 15.59 1.97 5.36 
Obelisc R 6.22 9.47 3.59 10.97 
Obelisc N 1.00 1.35 4.00 3.64 

Chiralpak QN-AX 4.11 5.76 5.76 7.69 
BioBasic AX with t0 with t0 1.05 0.53 

Synergi Fusion-RP 24.17 43.28 with t0 0.06 
TSKGel Amide-80 with t0 with t0 with t0 with t0 

PolysulfoethylA with t0 with t0 with t0 with t0 
ZIC-HILIC with t0 with t0 0.14 with t0 

Nucleodur HILIC with t0 with t0 with t0 with t0 
Chromolith Performance Si with t0 with t0 with t0 with t0 

PC-HILIC  with t0 with t0 with t0 with t0 
classical APS 0.10 0.19 0.78 0.89 
polymeric APS with t0 with t0 4.39 1.76 

APS-SP8 with t0 with t0 3.51 2.18 
crosslinked amino phase with t0 with t0 2.07 1.41 

kthiamine kpyridoxine kriboflavine kascorbic acid knicotinic acid 

Acclaim Mixed Mode WAX-1 0.17 1.11 1.66 n.d. 31.14 
Uptisphere 5 MM3 0.60 0.13 0.13 5.27 3.03 

Primesep B2 3.92 0.36 0.04 0.04 0.73 
Obelisc R 10.11 0.78 0.78 2.73 10.11 
Obelisc N n.d. 6.65 1.15 1.15 0.66 

Chiralpak QN-AX 1.17 0.41 0.32 n.d. 3.52 
BioBasic AX 0.43 0.43 0.89 n.d. 10.88 

Synergi Fusion-RP 14.94 0.11 with t0 with t0 0.44 
TSKGel Amide-80 43.54 1.49 4.77 20.70 5.49 

PolysulfoethylA 26.81 2.73 3.10 n.d. 2.73 
ZIC-HILIC 29.30 1.20 2.20 35.13 4.89 

Nucleodur HILIC 99.31 1.73 1.78 6.26 1.78 
Chromolith Performance Si 28.20 0.65 0.65 1.41 1.85 

PC-HILIC  95.49 1.91 2.66 6.65 2.05 
classical APS 0.44 2.48 6.40 134.63 30.59 
polymeric APS 0.95 2.64 3.10 28.74 24.90 

APS-SP8 4.50 20.68 22.71 n.d. 112.87 
crosslinked amino phase 2.24 3.39 7.07 92.12 70.22 

kthymidine kadenosine kuridine kcytidine kguanosine kcaffeine ktheobromine ktheophylline 

Acclaim Mixed Mode WAX-1 0.88 1.67 1.90 4.18 7.15 0.10 0.26 0.84 
Uptisphere 5 MM3 with t0 0.15 0.15 0.81 1.05 with t0 with t0 with t0 

Primesep B2 with t0 0.10 with t0 0.22 0.22 0.02 0.02 0.11 
Obelisc R 0.09 0.48 0.48 2.15 2.69 0.06 0.14 0.26 
Obelisc N 0.23 0.59 0.48 2.75 1.61 0.15 0.22 0.22 

Chiralpak QN-AX 0.15 0.15 0.15 0.29 0.29 0.10 0.24 0.44 
BioBasic AX 0.35 0.84 0.75 2.18 3.42 0.08 0.18 0.18 

Synergi Fusion-RP with t0 0.04 with t0 0.16 0.04 with t0 with t0 with t0 
TSKGel Amide-80 1.27 3.12 3.45 10.20 12.8 0.40 0.76 1.16 

PolysulfoethylA 0.77 2.08 3.14 15.02 16.69 0.20 0.45 0.51 
ZIC-HILIC 0.89 2.09 3.24 9.54 12.63 0.28 0.63 0.63 

Nucleodur HILIC 0.91 1.64 2.08 5.05 6.53 0.36 0.67 0.67 
Chromolith Performance Si 0.29 0.76 0.61 2.26 2.04 0.19 0.19 0.19 

PC-HILIC  1.00 2.29 1.66 4.70 5.21 0.60 1.03 1.03 
classical APS 0.97 2.90 1.89 10.61 12.86 0.22 0.35 0.44 
polymeric APS 1.21 3.80 3.80 11.99 19.18 0.31 0.67 3.19 

APS-SP8 2.68 6.32 6.46 28.87 53.16 0.51 0.83 0.97 
crosslinked amino phase 1.38 4.42 3.03 11.93 30.32 0.22 0.46 0.62 

n.d. = not detected
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Fig. S20. Surface chemistries of (a) classical APS and (b) polymeric APS according 

to manufacturers. 

Fig. S21. Loadings scatter plot: p1 vs. p2. p1 is the loading in the first component 

and p2 the loading in the second component. The loadings express the dominating 

correlation structure of the X matrix. Hence, p1 vs. p2 displays how the X-variables 

correlate to each other. The plot shows how the X-variables vary in relation to each 

other, which ones provide similar information, which ones are negatively correlated, 

or not related to each other, and which ones are not well explained by the model 

(p1 and p2 close to 0). 

(a) (b) 
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PART VIII: Carbohydrate analysis 

Fig. S22. Analysis of carbohydrates under HILIC conditions at different 

temperatures and varying ACN/H2O ratios using the crosslinked amino phase: a) 

LC-MS/MS chromatograms of six carbohydrates (1: xylose, 2: fructose, 3: glucose, 

4: sucrose, 5: maltose, 6: maltotriose); b) stoichiometric displacement model 

illustrating the effect of H2O concentration c on the retention factor k of the analytes; 

c) van´t Hoff plots illustrating the effect of temperature T on the retention factors k
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of the analytes. The mobile phase consisted of varying ACN/H2O ratios and 

experiments were performed at different temperatures. The flow rate was set at 0.5 

mL/min and the injection volume amounted to 5 µL. The analytes were dissolved in 

a mixture of ACN/H2O (80/20, v/v) at a concentration of 1 µg/mL. The mass 

spectrometric detection was operated in negative mode and multiple reaction 

monitoring (MRM) was utilized for detection of analytes. MRM transitions, 

declustering potentials and collision energies for the single analytes as well as 

collision cell exit potentials are specified in the Table S7. The entrance potential 

was set to -10 V. Ion source parameters were constant for all analytes. The capillary 

voltage was set to 4500 V and the source temperature to 500 °C. Nebulizing gas, 

curtain gas and drying gas were all adjusted to 30 psi.  

Fig. S23. Chemical structure of carbohydrates and their respective logP values; 

logP values were calculated using MarvinSketch 20.19.(ChemAxon, 

www.chemaxon.de). 
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Table S6. Chromatographic parameters obtained from carbohydrate analysis on 

crosslinked amino phase. Mass spectrometry parameters can be found in Table S7. 

ACN/H2O (70/30, v/v) ACN/H2O (80/20, v/v) ACN/H2O (90/10, v/v) 
25°C 35°C 45°C 25°C 35°C 45°C 25°C 35°C 45°C 

k k k k k K k k K 
Xylose 0.43 0.34 0.28 0.95 0.77 0.62 2.43 2.00 1.69 

Fructose 0.52 0.44 0.33 1.21 0.98 0.79 3.62 2.92 2.41 
Glucose 0.61 0.51 0.41 1.59 1.31 1.08 5.64 4.56 3.79 

Galactose 0.61 0.51 0.41 1.59 1.31 1.08 5.64 4.56 3.79 
Sucrose 0.85 0.70 0.59 2.66 2.16 1.79 13.85 11.82 9.82 
Maltose 1.03 0.85 0.72 3.38 2.74 2.26 21.62 17.23 14.18 
Lactose 1.03 0.85 0.72 3.38 2.74 2.26 21.62 17.23 14.18 

Maltotriose 1.56 1.31 1.11 6.61 5.39 4.48 77.31 64.26 51.62 

Table S7. Mass spectrometry parameters used for carbohydrate analysis. 

precursor ion product ion declustering potential collision energy 

collision 
cell exit 
potential 

[m/z] [m/z] [V] [v] [v] 
Xylose 148.9 88.9 -52 -9 -15

Fructose 178.8 88.7 -21 -12 -9
Glucose 178.8 88.7 -21 -12 -9
Sucrose 341.1 88.8 -85 -32 -15
Maltose 341.0 160.8 -30 -11 -15

Maltotriose 503.1 161.1 -65 -19.6 -15
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PART IX: Sulfonamide analysis 

Fig. S24. Separation of sulfonamides on crosslinked amino phase (1: sulfanilamide, 

2: sulfaguanidine, 3: sulfamerazine, 4: sulfadiazine, 5: sulfadimethoxime, 6: 

sulfamethoxazole, 7: sulfacetamide, 8: sulfaisoxazole, 9: furosemide): a) 

chromatograms obtained from experiments in isocratic HILIC (h-k) and HILIC-WAX 

(a) 

(b)
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gradient elution (a-g) modes. The effect of varying water content in the mobile 

phase was investigated under isocratic conditions, whereas the influence of 

temperature and ammonium acetate concentration was investigated under gradient 

elution conditions. The specified conditions are given on top of the respective 

chromatograms. The flow rate was set to 1 mL/min and the injection volume to 2 

µL. UV-detection was carried out at 230 nm. b) van´t Hoff plots illustrating the effect 

of temperature T on the obtained retention factors k. 

Fig. S25. Sulfonamides separated on crosslinked amino phase: (1) sulfanilamide 

(pKa1 = 2.271, pKa2 = 10.991), (2) sulfaguanidine (pKa1 = 2.111, pKa2 = 7.721, pKa3 = 

10.531), (3) sulfacetamide (pKa1 = 2.141, pKa2 = 4.301), (4) sulfamerazine (pKa1 = 

2.011, pKa2 = 6.991), (5) sulfadiazine (pKa1 = 2.001, pKa2 = 6.991), (6) 

sulfadimethoxime (pKa1 = 1.951, pKa2 = 6.911), (7) sulfamethoxazole (pKa1 = 0.251, 

pKa2 = 1.971, pKa3 = 6.161), (8) sulfaisoxazole (pKa1 = 1.421, pKa2 = 2.171, pKa3 = 

5.801), (9) furosemide (pKa1 = 4.251, pKa2 = 9.831, pKa3 = 16.961); 1pKa values were 

calculated using MarvinSketch 20.19 software (ChemAxon, www.chemaxon.de). 

(1) (2) (3) (4) (5)  (6)  (7) (8) 

(9
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Table S8. Chromatographic parameters obtained from analysis of sulfonamides on 

crosslinked amino phase. Chromatographic conditions for the experiments RUN a-

k can be found in Fig. S24. 

sulfanilamide sulfaguanidine sulfamerazine sulfadiazine sulfadimethoxime 
RUN K K k K k 

a 0.19 0.66 1.16 2.59 3.38 
b 0.20 0.69 1.15 2.58 3.24 
c 0.20 0.72 1.13 2.55 3.08 
d 0.20 0.76 1.08 2.45 2.79 
e 0.20 0.72 1.09 2.48 2.94 
f 0.20 0.74 1.15 2.60 3.10 
g 0.20 0.73 1.22 2.76 3.32 
h 0.33 1.40 3.22 6.87 8.95 
i 0.20 0.73 3.16 7.42 9.47 
j 0.13 0.48 3.85 9.31 11.68 
k 0.09 0.35 4.63 11.38 14.38 

sulfamethoxazole sulfacetamide sulfaisoxazole furosemide 
RUN K K k K 

a 5.15 12.25 15.35 24.34 
b 4.93 12.04 14.91 22.93 
c 4.70 11.88 14.58 21.66 
d 4.26 11.82 14.55 19.83 
e 4.48 11.77 14.30 20.32 
f 4.71 12.91 17.96 25.89 
g 5.05 13.95 23.92 34.68 
h 12.47 23.99 - - 
i 14.32 37.89 - - 
j 17.88 53.25 - - 
k 22.27 68.95 - - 
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Wide-pore fully porous mixed-mode octyl/pyridyl-bonded silica material 
with pH-dependent surface charge reversal for high-performance 
hydrophobic charge-induction chromatography of proteins
Marc Wolter a, Christoph Barth a, Mirna Maalouf a, Markus Kramer b, Adrian Sievers-Engler a,  
Michael Lämmerhofer a,*

a Institute of Pharmaceutical Sciences, Pharmaceutical (Bio-)Analysis, University of Tübingen, Auf der Morgenstelle 8, Tübingen 72076, Germany
b Institute of Organic Chemistry, University of Tübingen, Auf der Morgenstelle 18, Tübingen 72076, Germany
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A B S T R A C T

In an attempt to overcome silanophilic interactions like observed on popular reversed-phase butyl‑bonded silica 
stationary phases in protein HPLC, a mixed-mode stationary phase based on wide pore silica (3 µm, 300 Å) was 
prepared by co-immobilization of octyl and 2-pyridylethyl ligands. The surface modi6cation was performed by a 
new approach using synthesized functional silatranes of the above ligands and prewetted silica. It allowed to 
generate a dense polymeric siloxane layer on the silica surface. Butyl-bonded silica and octyl/3-aminopropyl- 
bonded mixed-mode silica phases were prepared for comparison. The modi6ed silicas were subsequently char
acterized by elemental analysis regarding ligand densities, by solid-state 29Si and 13C cross polarization/magic 
angle spinning nuclear magnetic resonance spectroscopy for con6rming the surface-bonded structure, and by pH- 
dependent ζ-potential measurements via electrophoretic light scattering providing net surface charge informa
tion at distinct pH values. While the classical butyl‑bonded stationary phase revealed negative ζ-potential over 
the entire pH range investigated (pH 3.5–9.5) due to residual silanols and the mixed-mode octyl/3-aminopropyl- 
bonded silica positive ζ-potential over the entire pH range, pH-dependent charge reversal was observed at 
approximately pH 5.5 for the octyl/pyridyl-bonded stationary phase. Then, a test set of proteins differing in 
hydrophobicities and isoelectric points was employed to evaluate the retention characteristics of all three syn
thesized stationary phases over the pH range of 3 to 7.5 by acetonitrile-gradient elution reversed-phase HPLC. 
Under acidic conditions (pH 3) the mixed-mode phases octyl/pyridyl-silica and octyl/aminopropyl-silica showed 
reduced retention and improved peak shapes due to repulsive interactions preventing silanophilic interactions, 
while protein separations by their hydrophobicities were achieved (repulsive charge-assisted protein RPLC). 
Finally, the prepared novel mixed-mode octyl/pyridyl-bonded stationary phase was evaluated in hydrophobic 
charge induction chromatography mode for protein separation of the same test set. Instead of an organic modi6er 
gradient, elution was enforced by a pH gradient from almost neutral to acidic pH at constant organic modi6er 
content of 10 %. This chromatographic mode showed orthogonal retention characteristics and reversed elution 
order compared to above organic gradient RP-HPLC. In addition, signi6cantly less organic solvent was used 
under these conditions, classifying it as a green protein LC technology.

1. Introduction

Therapeutic proteins are an indispensable group of drugs and the
number of protein-based drugs increases rapidly. Consequently, protein 
analysis has become an extremely important 6eld within pharmaceu
tical analysis. An array of techniques, such as nuclear magnetic reso
nance spectroscopy (NMR), mass spectrometry (MS), gel and capillary 

electrophoresis and high-pressure liquid chromatography (HPLC), is 
commonly applied to fully characterize therapeutic proteins, their 
macro- and microheterogeneity as well as degradation products [1]. 
Amongst the array of analytical techniques, reversed phase (RP), 
ion-exchange (IEX), mixed-mode (MMC), size-exclusion (SEC), hydro
phobic (HIC) and hydrophilic interaction chromatography (HILIC) are 
routinely carried out in pharmaceutical quality control laboratories for 
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characterization of proteins in terms of hydrophobicity, charge, hydro
dynamic radius and glycosylation patterns due to their particular spec
i6cities, accuracy and robustness [2–8]. For preparative scale LC 
puri6cation, also other chromatographic modes are widely applied. 
Af6nity chromatography (with protein A resins) has become the gold 
standard for monoclonal antibody puri6cation [9,10]. Mixed-mode 
chromatography was frequently evaluated to replace protein A chro
matography [11]. As a speci6c chromatographic mode, hydrophobic 
charge induction chromatography (HCIC) was reported to be a prom
ising alternative technique for puri6cation of proteins and other bio
molecules, since mild elution conditions can be applied and costs are 
signi6cantly lower compared to the expensive af6nity chromatography 
[12,13]. HCIC represents a type of mixed-mode chromatography, since 
both hydrophobic and electrostatic interactions are combined. Firstly, 
the analytes are adsorbed on the stationary phase due to hydrophobic 
interactions at usually neutral pH and then eluted from the column due 
to electrostatic repulsion. This repulsion is usually enforced by changing 
the mobile phase pH to acidic conditions which leads to protonation of 
weakly basic ligands (such as pyridine) and simultaneously shifts the net 
charge of the proteins to positive values (< pI). This chromatographic 
principle has been introduced for protein puri6cation [13–22], but has 
not been established for high-performance LC protein separations.

In this study, a mixed-mode chromatography (MMC) phase for HCIC 
was developed by simultaneous immobilization of octyl and pyridine 
moieties onto a fully porous silica support (3 µm, 300 Å). Thus, mixed- 
ligands particles were generated offering especially hydrophobic and 
pH-dependent electrostatic interaction sites suitable for HCIC. The idea 
was to facilitate protein desorption from siliceous material by repulsive 
interactions, tentatively also changing the retention mechanism 
compared to standard reversed-phase separation on butyl‑modi6ed sil
ica. Altered mechanisms may lead to orthogonal selectivity which 
should be valuable for protein macro- and microcomponent separations 
and full characterization of therapeutic proteins. A further aim of this 
study was the evaluation of a new bonding chemistry. Silica modi6ca
tion is typically carried out by utilizing alkoxysilanes or chlorosilanes. 
Disadvantageously, such reagents were reported to undergo easily hy
drolysis and polymerization in the reaction solution prior to the 
immobilization process leading to unfavorable inhomogeneous and 
thick ligand 6lms on the silica surface [23]. Consequently, in this study, 
respective silatranes were 6rstly synthesized from the alkoxysilane de
rivatives and then used for silica surface modi6cation. Silatranes have 
bene6cial properties in terms of surface functionalization. Especially, 
silatranes are not prone to hydrolysis under neutral aqueous conditions 
and were reported to form thinner and more homogenous ligand 6lms 
on the surface accompanied by higher ligand densities on the support 
surface [23,24]. This could better shield proteins from siliceous in
teractions and also lead to increased column life time due to less ligand 
bleeding.

2. Experimental

2.1. Materials

Spherical silica particles (Daisogel, 3 µm, 300 Å, 100 m2/g) were 
received from DaisoFine Chem GmbH (Düsseldorf, Germany). Empty 
stainless-steel columns (50 mm x 3 mm) were purchased from Bischoff 
Chromatography (Leonberg, Germany). 2-(2-Pyridylethyl)trimethox
ysilane and n-octyltrimethoxysilane were obtained from Gelest Inc. 
(Morrisville, PA, USA) and n-butyltrimethoxysilane from ABCR Chem
icals (Karlsruhe, Germany). Acetonitrile (HPLC grade), acetic acid 
(analytical grade), formic acid (FA, analytical grade), ammonium ace
tate, 4-dimethylaminopyridine (DMAP), sodium hydroxide, deuterated 
chloroform, triethanolamine, butylbenzene (BuB), pentylbenzene (PeB), 
adenosine, guanosine, cytidine, thymidine, uridine, nicotinic acid, pyr
idoxine hydrochloride, ascorbic acid, riboLavin, thiamine hydrochlo
ride, caffeine, theophylline, theobromine, O,O- 

diethylchlorothiophosphate (DECTP), triethylamine, N‑tert-butox
ycarbonyl-prolyl-phenylalanine (BocProPhe), L-phenylalanine (Phe), N- 
acetyl-L-phenylalanine (AcPhe), L-tryptophan (Trp), N-acetyl-L-trypto
phan (AcTrp), ribonuclease A, cytochrome C, myoglobin and β-lacto
globulin were supplied from Sigma Aldrich (Munich, Germany). O,O- 
Diethylthiophosphate (DETP) was generated from hydrolysis of DECTP 
in presence of trimethylamine. L-Phenylalanine methyl ester (PheOMe), 
L-tryptophan-amide hydrochloride (TrpNH2) and N-acetyl phenylala
nine ethyl ester (AcPheOEt) were purchased from ABCR Chemicals
(Karlsruhe, Germany). (3-Aminopropyl) silatrane was synthesized ac
cording to [24]. The synthesis of octyl silatrane and 2-(2-pyridylethyl)
silatrane is described in chapters 2.3.1 and 2.3.2. Reaction schemes and
NMR data are given in Figs. S1–S4. The solvents toluene, methanol and
methylene chloride were of technical grade or HPLC grade and pur
chased from Brenntag (Essen, Germany) or Sigma Aldrich (Munich,
Germany). MilliQ water was prepared by using an Elga PureLab Ultra
Puri6cation System (Celle, Germany).

2.2. Instrumentation and software

Elemental analysis was performed utilizing an EA 3000 CHNS-O 
elemental analyser from EuroVector SpA (Milan, Italy) as described in 
[23]. ζ-Potentials were measured in accordance to [25] by electropho
retic light scattering using a Zetasizer NanoZS particle analyzer from 
Malvern Instruments (Herrenberg, Germany). pKa values were calcu
lated by utilizing MarvinSketch 20.19 software (ChemAxon, www.ch 
emaxon.de). Liquid-state nuclear magnetic resonance spectroscopy 
(NMR) experiments were carried out on a Bruker Avance 400 MHz 
spectrometer (Bruker, Rheinstetten, Germany), solid-state nuclear 
magnetic resonance spectroscopy (solid-state NMR) experiments were 
performed on a Bruker Avance III HD 300 XWB spectrometer. The 
applied parameters can be found in [23]. NMR data processing was 
carried out using Topspin 4.0.8 software from Bruker. HPLC experi
ments were all performed on HPLC systems from Agilent Technologies 
(Waldbronn, Germany). Thereby, measurements were usually per
formed using an Agilent 1260 series HPLC system featured with a 
degasser, Lexible pump, autosampler, column compartment (TCC) and a 
diode array detector (DAD) or an Agilent 1100 series HPLC equipped 
with a degasser, quaternary pump, autosampler, column compartment 
(TCC) and variable wavelength detector (VWD). OpenLab CDS Chem
Station Online Software (Rev. C.01.03 (37), 2011) and ChemStation 
OfLine Software (Rev. B.04.03 (16), 2010) from Agilent Technologies 
were used for data acquisition and analysis. A Smartline Pneumatic 
Pump 1950 from Knauer (Berlin, Germany) was utilized for slurry 
packing of silica particles into stainless steel columns (50 mm x 3 mm). 
OriginPro 2019 (OriginLab, Northampton, Massachusetts, USA) was 
utilized for data visualization. More detailed information is given in 
respective 6gure captions or subchapters.

2.3. Preparation of stationary phases

2.3.1. Synthesis of 2-(2-pyridylethyl) silatrane
2-(2-Pyridylethyl) silatrane was synthesized from a mixture of 0.01 

mol 2-(2-pyridylethyl)trimethoxysilane, 0.01 mol triethanolamine, 5 mL 
methanol and 1 mL of methanolic sodium hydroxide solution (2 %, m/v) 
within a round bottom Lask. Thereafter, the Lask was attached to a 
reLux condenser equipped with a nitrogen supply and the reaction 
mixture was heated up to 80 ◦C using an oil bath. Then, the reaction was 
allowed to proceed for 96 h under continuous gentle nitrogen rinsing 
and magnetic stirring. Thereafter, the reaction mixture was cooled down 
to room temperature and the round bottom Lask was attached to a ro
tary evaporator. Subsequently, methanol was evaporated provoking the 
precipitation of pale brownish crystals. Lastly, the reaction product was 
recrystallized from methylene chloride leading to 2-(2-pyridylethyl) 
silatrane.
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2.3.2. Synthesis of octyl silatrane
Octyl silatrane was synthesized from a mixture of 0.1 mol n-octyl

trimethoxysilane, 0.1 mol triethanolamine, 10 mL toluene and 4 mL of 
methanolic sodium hydroxide solution (2 %, m/v) within a round bot
tom Lask. The Lask was attached to a reLux condenser equipped with a 
nitrogen supply and heated up to 110 ◦C using an oil bath. The reaction 
was allowed to proceed for 96 h under continuous magnetic stirring and 
gentle nitrogen rinsing. Thereafter, the reaction mixture was cooled 
down to ambient temperature and a hard, white to slightly yellowish 
reaction product precipitated. Finally, the reaction product was recrys
tallized from methylene chloride to result in n-octyl silatrane.

2.3.3. Preparation of C4-SP: immobilization of n-butyl trimethoxysilane 
onto silica

Initially, 0.5 g bare silica particles, n-butyltrimethoxysilane (6 µmol/ 
m2) and DMAP (5 % n/n related to n-butyltrimethoxysilane) were 
dispersed in 20 mL anhydrous toluene within a triple neck Lask equip
ped with a reLux condenser, a mechanical stirrer and a nitrogen supply. 
Then, the suspension was heated up to reLux and the reaction was 
allowed to proceed for 17 h under continuous nitrogen rinsing and 
stirring. Thereafter, the silica was washed three times with boiling 
methanol and boiling toluene each using a glass funnel of porosity 5 and 
dried in a vacuum chamber at 60 ◦C for 12 h. The dried modi6ed silica 
was subjected to elemental analysis. The results can be found in 
Table S1.

2.3.4. Preparation of C8Pyr-SP and C8APS-SP: co-immobilization of octyl 
silatrane and (3-aminopropyl) silatrane or 2-(2-pyridylethyl) silatrane, 
respectively, onto silica

In the 6rst step, 2 g bare silica particles were dispersed in 20 mL 
MilliQ water and sonicated for 5 min within a glass Lask. Thereafter, the 
suspension was transferred to a glass funnel of porosity 5 and the water 

removed by applying a slight vacuum for 16 h. Afterwards, 1.2 g of the 
humidi6ed silica was dispersed in 16 mL anhydrous toluene and 4 mL 
anhydrous methanol within a triple neck Lask equipped with a me
chanical stirrer, a nitrogen supply and a reLux condenser. Then, octyl 
silatrane (6 µmol/m2), 2-(2-pyridylethyl) silatrane (2 µmol/m2, for 
C8Pyr-SP) or (3-aminopropyl) silatrane (2 µmol/m2, for C8APS-SP), 
respectively, and DMAP (0.4 µmol/m2) were added to the suspension 
and the mixture was heated to reLux for 7 h. In the next step, the silica 
was washed three times with boiling methanol and toluene each using a 
glass funnel with porosity 5. Thereafter the modi6ed silica particles 
were dried in a vacuum chamber at 60 ◦C for 12 h. The amount of 
adsorbed water on the silica surface at the beginning of the bonding 
procedure was determined in accordance to the European Pharmaco
peia. Thus, the humidi6ed silica was dried in a drying chamber at 110 ◦C 
for 96 h and the drying loss determined by weighing the silica before and 
after the drying process. Elemental analysis results for the modi6ed 
silicas can be found in Table S1.

3. Results and discussion

3.1. Synthesis of octyl/pyridyl-, octyl/aminopropyl-, and butyl-bonded 
silica stationary phases

In this study, a wide-pore mixed-ligand octyl/pyridyl-MMC silica- 
based material (C8Pyr-SP) was designed and synthesized for HCIC. 
Additionally, for comparison purposes, two other stationary phases were 
prepared on the same supporting silica, namely an octyl/3-aminopropyl- 
bonded silica (C8APS-SP) and a butyl‑bonded silica (C4-SP) (Fig. 1). All 
of these phases offer hydrophobic interaction sites, but different charge 
characteristics. Wide-pore silica of 300 Å pore size and 3 µm particle 
diameter was selected as support for all 3 stationary phases. A pore size 
of 300 Å was considered a good compromise between effective pore 

Fig. 1. Scheme for the preparation of stationary phases C4-SP, C8Pyr-SP, C8APS-SP and obtained ligand densities. C4-SP was prepared utilizing alkoxysilane 
chemistry, whereas C8Pyr-SP and C8APS-SP were synthesized using silatrane chemistry. The WAX sites of C8Pyr-SP and C8APS-SP were partially shielded by the long 
octadecyl-ligands. Since C8APS-SP contained a factor 2 lower C8-ligand density, the WAX sites were less strongly shielded than those of the C8Pyr-SP. Bare silica 
particles of 300 Å (100 m2/g) were used as starting material. 1 calculated on basis of elemental analysis results (see Table S1).
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diffusion and large enough adsorption surface for proteins [26,27].
The design considerations were the following. C4-bonded silica has 

become a popular stationary phase for protein separations [28]. Such 
stationary phases have commonly a high density of C4 ligands and are 
fully endcapped to shield the surface from silanophilic interactions with 
proteins. However, residual silanols may still be available and interact 
with proteins. Such secondary silanophilic interactions are disadvanta
geous and lead to poor peak shapes. For this reason, a pyridyl co-ligand 
was considered to be embedded in the alkyl surface coating. The pyridyl 
nitrogen points towards the silica surface which is thus somehow 
shielded from short-range interactions with proteins (Fig. 1). To favor 
hydrophobic interactions with the alkyl strands, the chain length was 
extended to octyl as compared to C4-SP. Under acidic mobile phase 
conditions, the pyridyl ring is protonated like the proteins to be 

separated. As a result, the proteins are electrostatically repelled from the 
silica surface. Thus, hydrophobic interactions can take place without 
secondary silanophilic interactions. On the other hand, at an eluent pH 
above the pKa of the pyridine ring, proteins can interact with both octyl 
and pyridyl ring by hydrophobic, π-π- (in particular with MeOH as 
organic modi6er) and possibly H-bond interactions. Using a mixed 
pH/organic modi6er gradient from neutral to acidic, repulsive electro
static interactions are induced at pH-values below the pKa of the pyri
dine and the pI of the proteins, and the proteins can be ef6ciently 
desorbed. The corresponding C8APS-SP does not have the possibility of 
charge switching and carries a positive surface charge over the entire pH 
range commonly used with silica-based SPs. Therefore, comparison with 
this phase should lead to useful mechanistic information.

Both, C8Pyr-SP and C8APS-SP offer weak anion exchange (WAX) 

Fig. 2. Solid-state 29Si and 13C CP/MAS NMR spectra of C4-SP, C8Pyr-SP and C8APS-SP. A: 29Si CP/MAS NMR spectra: In addition to the three typical signals for 
silica (Q2: geminal silanol groups, Q3: free single and vicinal silanol groups, Q4: siloxane groups), signals were found in the range between - 50 ppm and - 80 ppm 
(T1, T2, and T3). T1, T2 and T3 represent mono-, di- and trifunctional bonded siloxane atoms [23,24,31]. A large amount of trifunctional siloxane bonded ligands 
resulted from the innovative silatrane grafting process, whereas mostly bifunctional siloxane bonded ligands were found for C4-SP, which was prepared by classic 
silanization using a trialkoxysilane. B: 13C CP/MAS NMR spectra: Signals were assigned to the carbon atoms of the respective ligands proving the successful 
incorporation. Furthermore, no signals could be found for residual triethanolamine moieties at approximately 60 ppm (cf. Fig. S5), which indicated the ef6cient 
hydrolytic cleavage of these undesired residues [23,24]. However, interestingly, the spectrum of C8Pyr-SP exhibited a signal at approximately 50 ppm, which is 
typical for methoxy groups. These might most probably be generated due to reaction with the methanolic solvent. The spectrum of C8APS-SP lacked the signal for 
such generated methoxy groups. This is in agreement with observations from previous studies and most probably caused by the catalytic effect of aminopropyl 
moieties in terms of hydrolysis [24,43].
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properties, the latter over a wider pH range and the former only at low 
pH. C4-SP offers no ionic or only weak anionic interaction sites (due to 
the residual silanols on the surface).

The C4-SP was synthesized by silanization of the wide pore silica 
with n-butyltrimethoxysilane (Fig. 1) [29]. As expected, mainly 
bifunctional siloxane bonding was detected by solid-state 29Si CP-MAS 
NMR (indicated by T2 signal in the spectrum, see Fig. 2A). C8Pyr-SP 
and C8APS-SP were synthesized by means of an innovative silatrane 
functionalization strategy. The corresponding silatranes, 2-(2-pyr
idylethyl) silatrane, octyl silatrane and (3-aminopropyl) silatrane were 
synthesized in-house by a classical condensation reaction of the 
respective alkoxysilanes with triethanolamine (for reaction schemes and 
1H- and 13C NMR spectra see Fig. S1–4) [23,24]. Subsequently, the 
co-immobilization of octyl silatrane with 2-(2-pyridylethyl) silatrane or 
(3-aminopropyl) silatrane onto the silica surface was carried out 
simultaneously by charging the reaction mixture with the two silatranes 
at a ratio of 6:2 µmol/m2. Initially, a 2-step synthesis approach as re
ported previously for a chiral stationary phase was evaluated [23,24]. 
Thus, the silanization reaction was carried out with dried silica in 
anhydrous toluene resulting in a surface bonding where the triethanol
amine residue remained attached to the immobilized silane (for struc
tural details see Fig. S5). Therefore, a subsequent acidic hydrolysis step 
was required to remove the surface-bound triethanolamine residues. 
Signi6cant amounts of bi- and trifunctional siloxane bonds (T2 and T3) 
were observed in the 29Si CP/MAS NMR spectra (see Fig. S5).

Since this 2-step approach is inef6cient, a 1-step procedure was 
developed for surface functionalization with silatranes. It is based on the 
use of humidi6ed silica for silanization reaction with the silatranes. The 
water content of the humidi6ed silica was determined to be 51 % (w/w). 
The water adsorbed to the silica surface facilitates the full cleavage of 
the triethanolamine residues of the silatranes after binding to the silica 
surface. This procedure allows the coating process to be completed in a 
single step. Solid-state 29Si CP/MAS NMR analysis revealed the large 
amount of trifunctional bonded ligands (T3) for the silatrane-derived 
materials. Such trifunctional bonding provides better hydrolytic stabil
ity and dense silanol coverage (Fig. 2). In accordance to the literature, it 
is assumed that a polymeric siloxane bonding is obtained (Fig. S6) [30,
31]. Unlike alkoxysilanes, silatranes are not prone to hydrolysis under 
aqueous conditions and do not form oligomeric structures in solution 
(Fig. S7), since the cage-like structure and the transannular N→Si bond 
usually impede nucleophilic reactions at the silicon atom. Advanta
geously, however, silanols at the silica surface can act as catalysts 
enabling the condensation reaction of the silatranes with the silica 
surface (Fig. S6). Thus, reactivity increases only in close proximity to the 
silica surface and ring-opening of the silatrane takes only place directly 
at the support surface and not in solution [32,33]. This leads to more 
homogenous, thinner ligand layers and accompanying better chro
matographic performance of the separation material due to reduced 
mass transfer resistance [23,34]. On contrary, alkoxysilanes (as used 
herein for C4-SP) can easily form oligomeric structures in solution which 
are then attached to the silica surface in a random, disordered thicker 
surface layer with suboptimal coverage and impaired chromatographic 
performance (see Fig. S7).

In order to determine the obtained ligand densities, all modi6ed 
silica gels were submitted to elemental analysis. Total ligand densities of 
2.43 µmol/m2, 2.96 µmol/m2 and 3.19 µmol/m2 were calculated for the 
three stationary phases, C4-SP, C8Pyr-SP and C8APS-SP, respectively 
(see Fig. 1). Interestingly, ligand densities of the silatrane-derived ma
terials were signi6cantly higher than the one achieved via the classical 
alkoxysilane functionalization approach in spite of their sterically more 
demanding substituents. This is consistent with observations from pre
vious studies and might be caused by higher reaction kinetics of the 
silatrane chemistry, formation of a dense polysiloxane layer and less 
clogged pores [23,24]. The prevention of polymer formation in solution 
due to the usage of hydrolytically stable silatranes may result in higher 
amounts of accessible pores and consequently to higher ligand loadings. 

Furthermore, estimation of the ligand ratio of the mixed-ligand phases 
was possible on basis of the elemental analysis results. A C8 to APS molar 
ratio of approximately 1 to 3.4 was calculated for C8APS-SP. The molar 
ratio of C8 to Pyr for C8Pyr-SP was determined to be 1 to 1.2. While the 
ratio of octyl and pyridyl ligand was almost equimolar for C8Pyr-SP, the 
signi6cantly higher coverage with 3-aminopropyl compared to octyl 
ligand may be explained by the basicity of the primary amine of 
(3-aminopropyl) silatrane, which most probably leads to an enrichment 
of the reagent on the silica surface due to electrostatic interactions with 
the acidic silanols at the beginning of the immobilization process [24,
29]. Larger steric hindrance of the pyridyl ligand may contribute to its 
lower density as well. Consequently, C8Pyr-SP offered a lower number 
of WAX interaction sites, which were also more ef6ciently shielded by 
the larger number of C8-ligands than in the C8APS-SP. This should 
therefore lead to a lower WAX activity of C8Pyr-SP compared to 
C8APS-SP under acidic conditions.

3.2. Investigation of pH-dependent surface charge

In addition to the alkyl ligand densities and hydrophobicities, the 
surface charge of the stationary phases is of prime importance for their 
chromatographic behaviour and retention characteristics of charged 
molecules like proteins. While the charge of C4-SP is completely deter
mined by the residual silanols available after bonding of butyl ligands, 
the surface charge characteristics of C8Pyr-SP and C8APS-SP is more 
complex. In addition to residual silanols, both offer, depending on the 
eluent pH, cationic moieties and anion-exchange sites, respectively.

Based on the theoretical pKa value of the 2-(2-pyridyl)ethyl moiety 
(calculated as 5.5) the pyridyl-group should be fully positively charged 
at pH values below 4 and fully non-ionic at pH above 7 (see Fig. S8). In 
contrast, the 3-aminopropyl group (with calculated pKa of 10.1) should 
be fully ionized up to pH 9. However, residual silanols may actually 
modulate such theoretical charge states calculated by the ligand moi
eties only.

For this reason, the surface charge was experimentally determined 
by ζ-potential measurements under fully aqueous conditions (1 mM 
buffer in 10 mM KCl). Fig. 3 illustrates the ζ-potentials in dependence of 
the pH determined by electrophoretic light scattering for the synthesized 
phases and bare silica gel (SiOH-SP) [35]. As expected, unmodi6ed silica 
had a negative ζ-potential over the entire pH range which gradually 
increased from around −15 mV at pH 3.5 to over −50 mV at pH above 
7.5 due to increasing dissociation of silanols (Fig. 3). C4-SP revealed also 
negative surface charge over the entire pH range, yet with around 10 mV 
offset due to modi6cation and shielding of some silanols by the 
butyl‑silyl surface modi6cation. In sharp contrast, C8APS-SP showed 
consistently positive surface charge over the entire pH range. Between 
pH 3.5 and 7.5 the net positive ζ-potential only slightly declined, and 
then dropped signi6cantly as the amino groups got more and more 
deprotonated [24]. Evidently, the silanol groups on the modi6ed silica 
surface slightly modulate the charge characteristics discussed in Fig. S8 
for the ligand alone without silica. On the contrary, C8Pyr-SP exhibited 
a pH-dependent charge reversal at approximately pH 5.5. At low pH 
values, protonation of the pyridine group leads to a net positive charge. 
The proportion of protonated species decreases with increasing pH 
above pH 4 due to the weak basicity of the pyridine (see Fig. S8) [36,37]. 
Above pH 5.5, dissociated residual silanols dominate the surface charge 
which leads to a net negative surface charge and ζ-potential, respec
tively [38]. Accordingly, the C8Pyr-SP should exhibit WAX properties at 
low pH values of the mobile phase, whereas at high pH values above pH 
5.5 it is supposed to lose its WAX properties. In view of protein sepa
rations, repulsive electrostatic interactions between protonated 
C8Pyr-SP and proteins below their isoelectric point (pI) should dominate 
in the acidic range. Above pH 5.5, proteins above their pI should also 
exhibit electrostatic repulsion, however, amino groups are still posi
tively charged in the common pH range in which silica-based materials 
can be used. Hence, a mixture of electrostatic attraction and repulsion 
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Fig. 3. A: ζ-potentials determined for unmodi6ed silica (SiOH-SP), C4-SP, C8Pyr-SP and C8APS-SP at different pH values. ζ-potentials represent the net charge of the 
particles at the shear surface and were determined over the pH range from 3.5 to 9.5 at constant ionic strength (1 mM buffer in 10 mM KCl) [35,44,45]. Remarkably, 
C8Pyr-SP exhibits a surface charge reversal at approximately pH 5.5 due to the weak basicity of the pyridine-ligand and the acidity of residual silanol groups on the 
silica surface. B: depicts possible protonation and charge states of the bonded ligands and the silanol groups of the support. The C4- and the C8-ligands are not 
illustrated, since they are neutral and do not contribute to surface charge.

Fig. 4. Chromatographic evaluation of retention characteristics using tryptophan derivatives as low molecular probes for the investigation of the surface charge and 
ion-exchange capacity of C4-SP, C8Pyr-SP and C8APS-SP at different pH values. A depicts the structure of the applied tryptophan derivatives as well as their pKa 
values. B and C illustrate the obtained chromatograms (buffer concentration: 50 mM) as well as the resultant log c/log k plots for AcTrp. The mobile phase consisted 
of ACN and water (80:20, v/v) containing 10, 20 or 50 mM of the corresponding acid (formic acid: pH 3.5, acetic acid: pH 5 and 7), respectively. The pH was adjusted 
with ammonia. The Low rate was 1 mL/min, the temperature was set to 25 ◦C, the injection volume to 2 µL and detection was carried out at 280 nm. Additional 
experimental data can be found in Fig. S11–13 and Table S3.
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(superimposed over hydrophobic interactions) may exist and it is hard to 
predict which of the two prevails.

3.3. Chromatographic study of surface charge and ion exchange capacity

Above ζ-potential measurements can only describe the total net 
charge in dependence on pH and constant ionic strength under fully 
aqueous conditions. However, they do not reLect realistic chromato
graphic conditions and do not provide information on the accessibility of 
the ionic interaction sites at the surface during the chromatographic 
process. It was of interest to what extent the residual silanol groups 
inLuence the chromatographic process due to their partial shielding by 
the embedded ligands. However, the inLuence of silanols can only be 
eliminated to a limited extent by steric shielding, as electrostatic in
teractions are considered to be long range interactions [39]. For this 
reason, a set of small molecule probes (instead of proteins which are 
more complex making the interpretation complicated) were 6rst used to 
design a chromatographic test which allows screening of the charge 
state of the bonded SPs and derive information on actual ion-exchange 
capacities under various conditions.

Hence, a set of basic, acidic, zwitterionic tryptophan derivatives 
were injected to all three prepared columns at different pH values (pH 
3.5, 5, and 7) and ionic strengths (10, 20 and 50 mM) of the mobile 
phase. The respective results are depicted in Fig. 4. On the C4-SP, there 
seems to be a dominating effect of the residual silanols. The basic analyte 
(TrpNH2) always eluted last due to interactions with silanols, while the 
acidic analyte eluted 6rst due to electrostatic repulsion. In contrast, on 
C8Pyr-SP the elution order was reversed at pH 3.5 and 5. No separation 
was observed at pH 7. Basic TrpNH2 showed slightly enhanced retention 
as the pH was increased (indicating stronger silanol interactions). AcTrp 
was no longer suf6ciently retained at pH 7, since the pyridine moiety 
was present as free base at this pH and repulsive electrostatic in
teractions with dissociated silanols existed. On C8APS-SP, the same 
elution order was observed as on C8Pyr-SP, but it showed stronger 
retention and better selectivity, especially for the zwitterionic (Trp) and 
acidic (AcTrp) analytes over all mobile phase pH values. This documents 
a stronger WAX characteristics of C8APS-SP due to a higher surface 
density of amino groups.

Interestingly, AcTrp exhibited the strongest retention on C8APS-SP 
at pH 5 which is typical for silica-based WAX-type SPs. At low pH, e.g. 
pH 3.5, reduced dissociation of the carboxylic group leads to lower 
retention and at high pH, e.g. pH 7, increasing dissociation of silanols 
leads to repulsive interactions and reduced dissociation of the amino 
groups which reduces the actual WAX-capacity.

To monitor the effective charges that are involved in analyte-sorbent 
interactions, the effect of the retention factors on the salt concentration 
in the mobile phase was investigated. In double logarithmic plots, a 
negative slope of the linear trend line indicates attractive ionic in
teractions (ion-exchange process), a positive slope repulsive electro
static interactions, and a Lat horizontal line parallel to the x-axis no 
signi6cant ionic interactions [40]. AcTrp was selected as probe for this 
purpose. As can be seen in Fig. 4C, at pH 3.5 ionic interactions are 
negligible on the C4-SP. In contrast, the C8Pyr-SP shows a slight 
attractive ionic interaction (corresponding to a slight weak 
anion-exchange process superimposed upon hydrophobic interactions), 
and the C8APS-SP a much larger extent of attractive electrostatic in
teractions (WAX process). At pH 5, slight repulsive electrostatic in
teractions are observed for the C4-SP, while the trends for C8Pyr-SP and 
C8APS-SP are largely the same. At pH 7, both C4-SP and C8Pyr-SP 
display repulsive ionic interactions, while the C8APS-SP still features a 
WAX process. These 6ndings are supported by the ζ-potential mea
surements (Fig. 3) and further chromatographic tests (see suppl. Fig. S9 
and Table S2 for the simple benzylamine/phenol/p-toluene sulfonic acid 
test mix, and Figs. S10–13 and Table S3 for the phenylalanine 
derivatives).

Overall, the chromatographic observations showed that C8Pyr-SP 

offered weaker attractive electrostatic interactions than C8APS-SP 
under weakly acidic mobile phase conditions and allowed pH- 
dependent charge switching at neutral pH of the mobile phase. 
Further chromatographic characterization of C8Pyr-SP, especially under 
RP and HILIC conditions, can be found in the supplementary material 
(see Figs. S14–19 and Table S4).

3.4. Protein analysis in gradient reversed-phase chromatography mode

Protein analysis by HPLC is nowadays often based on C4-bonded 
silica columns [28]. A butyl-ligand provides usually suf6cient reten
tion and selectivity while C8 and C18 are often too hydrophobic 
imposing too strong retention, even on wide pore stationary phases with 
lower total surface area. A C4-SP synthesized in-house was therefore 
employed as a kind of benchmark for comparison. In reversed-phase 
chromatography of proteins, gradient elution is usually applied in 
order to overcome the strong adsorption of proteins due to their mul
tipoint attachment as reLected by steep adsorption isotherms. It makes 
use of short columns possible or even advisable [41]. Here, 5 cm col
umns were used as a compromise. Acetonitrile was applied as organic 
modi6er which supresses π-π-interactions between the analytes and the 
pyridine ligand of C8Pyr-SP [42]. Gradient elution RPLC of proteins 
makes typically use of acidic mobile phases, e.g. 0.1 % TFA, leading to 
denaturing of proteins. Moreover, elevated column temperatures (80–90 
◦C) are bene6cial, since diffusion rates and (stationary phase) mass
transfer are accelerated. Also secondary (silanophilic) interactions are
diminished and consequently peak widths and tailing can be reduced.
This could be con6rmed in a preliminary test also for C8Pyr-SP varying
column temperatures between 30 and 50 ◦C (see Fig. S20A). Therefore,
in this work a temperature of 50 ◦C was selected as a compromise since
column stability above 50 ◦C was still uncertain at the beginning of the
study and it was desirable to perform a reasonable number of experi
ments without stationary phase degrading. In retrospect, however, both
novel mixed-mode columns showed high chemical stability. No signi6
cant drop in performance was observed even after exposing the columns
to highly aqueous mobile phase conditions (with varying pH values
between 3 and 8 and water content up to 100 %) at elevated tempera
tures (up to 50 ◦C) for hundreds of experimental runs. Such good sta
bility of current mixed-mode SPs stands in sharp contrast to classical
aminopropyl-phases which are typically extremely susceptible to hy
drolysis and suffer from short column lifetimes when applied to highly
aqueous conditions [24,43]. More detailed studies on the hydrolytic
stability of the current mixed-mode columns will be performed in future
work to con6rm this 6rst impression.

A test mixture composed of 4 proteins (ribonuclease A, cytochrome 
C, myoglobin, and β-lactoglobulin) differing in hydrophobicity (as 
measured by the GRAVY scale) and isoelectric point (pI) was selected to 
study the retention characteristics of the C8Pyr-SP in comparison to C4- 
SP and C8APS-SP (Fig. 5). A total buffer concentration in the mobile 
phase of 20 mM ammonium formate was selected, as it showed better 
ef6ciency than lower concentrations (see Fig. S20B). As can be seen from 
Fig. 5A, at pH 3 the C4-SP shows a decent separation of the 4 proteins, 
yet poor peak shapes (especially for cyctochrome C; see also Fig. S21 and 
Table S5 for comparison with commercial C4 columns). Amongst the 
three tested SPs the C4-SP exhibited the strongest retention. It can be 
assumed that secondary interactions with silanols contribute to the 
stronger retention (since according to Fig. 3, the C4-SP has still slight net 
negative surface charge at low pH). At pH 3, at which all proteins were 
below their pI and hence net positively charged, the retention order 
follows largely their hydrophobicities on all three SPs (Fig. 5A). Thus, 
the more hydrophilic proteins ribonuclease A and cytochrome C eluted 
6rst on all columns at pH 3, whereas the less hydrophilic β-lactoglobulin 
eluted last. The C8Pyr-SP was designed to enforce electrostatic repulsion 
at low pH overcoming silanophilic interactions of proteins (repulsive 
charge-assisted RPLC). The chromatogram in Fig. 5A, pH 3, indeed al
lows to assume that this could be achieved. Retention is shorter, in spite 
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of a higher carbon content and total ligand density, and peak shapes are 
signi6cantly improved (in particular also for cytochrome C). On the 
other hand, at pH 3 retention was increased on C8APS-SP compared to 
C8Pyr-SP despite a lower C8 and a higher APS ligand density which 
would suggest the opposite trend (less hydrophobic retention, stronger 
repulsive interactions). In general, the C8APS-SP shows also quite good 
selectivity and improved peak shape compared to the C4-SP (Fig. 5A). 
Given these experimental results, it can be hypothesized that the APS 
ligands may be amenable to interactions with carboxylate groups on the 
proteins, even if the proteins are net positively charged (e.g. due to 

charge asymmetry [39]). Overall, it is striking that the retention was 
lowest on C8Pyr-SP, even though it has the highest carbon loading. Since 
hydrophobicity should increase with carbon loading, retention on 
C8Pyr-SP (2.7 wt% C) was expected to be stronger than on C8APS-SP 
(1.6 wt% C) or C4-SP (1.5 wt% C) (see Table S1). However, the pyri
dine moiety seems to be dif6cult to access for large molecules such as 
proteins due to shielding by the (relatively densely) embedded C8 li
gands (compared to C8APS-SP) and may therefore be less available for 
hydrophobic interactions. As hydrophobic interactions can only occur in 
close proximity of hydrophobic moieties with alkyl ligands, protein 

Fig. 5. Analysis of the protein mixture on C4-SP, C8Pyr-SP and C8APS-SP under acetonitrile-gradient elution reversed-phase HPLC conditions at different mobile 
phase pH values. Chromatographic conditions: mobile phase A (ACN/aqueous ammonium formate buffer with pH adjusted in the aqueous phase (10/90, v/v), total 
concentration Ctot in the mixture 20 mM), mobile phase B (ACN/aqueous ammonium formate buffer with pH adjusted in the aqueous phase (90/10, v/v), Ctot= 20 
mM), Low rate: 1 mL/min, temperature: 50 ◦C, gradient: 0 to 5 min: 0 % B to 100 % B. In A, chromatograms are illustrated for the analysis at constant pH 3 and 
constant pH 7.5. In B, gradient-time-normalized retention times (tR,norm) for the different proteins were plotted against the mobile phase pH. In C, gravy scores and 
isoelectric points of the applied proteins are depicted [46].
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retention is consequently decreased.
In contrast, at pH 7.5, the retention behaviour of the analytes on the 

distinct SPs cannot be simply explained by stationary phase hydropho
bicity. Only β-lactoglobulin, which was signi6cantly above its pI by 
around 2 pH units, was eluted from C8Pyr-SP and C4-SP (both net 
negative surface charge according to Fig. 3), presumably driven by 
electrostatic repulsion. The other proteins had higher isoelectric points 
than β-lactoglobulin and were consequently overall positively charged 
(cytochrome C, ribonuclease A) or overall neutral (myoglobin) at pH 
7.5, which caused irreversible adsorption by strong ionic and hydro
phobic interactions simultaneously. From C8APS-SP there was no 
elution of any analyte observed at pH 7.5, although electrostatic 
repulsion was anticipated for cytrochrome C and ribonuclease A on the 
C8APS-SP at this pH.

In order to gain a more thorough understanding of pH effects, the 
retention behaviour of the proteins was also investigated at the pH 
values between pH 3 and 7.5 in steps of 0.5 pH units (Figs. 5B and S21). 
It becomes evident that the retention for all proteins on all columns 
increased steadily with pH until no elution was observed anymore. The 
single exception was β-lactoglobulin which ran through a maximum on 
C4-SP and C8Pyr-SP at around pH 4.5–5.0 followed by a slight decline in 
retention. It can be concluded that the new C8Pyr-SP, like the classical 
C4-SP, shows chromatographic utility for gradient RPLC protein sepa
rations in the acidic pH range. The repulsive interactions from the 
positively charged pyridine ring indeed could lead to a favourable peak 
shape due to electrostatic repulsions of net positive proteins (below their 
pI) and reduced silanol interactions (repulsive charge-assisted RPLC).

3.5. Protein analysis under hydrophobic charge-induction 
chromatography conditions

It was anticipated that the C8Pyr-SP could be suited for HCIC due to 
the combination of its hydrophobic properties and the observed surface 
charge reversal at approximately pH 5.5. The question was whether this 
different chromatographic mode provides orthogonality in retention 
and selectivity, respectively, to above mentioned gradient RPLC. In 
HCIC, the analytes are usually adsorbed to the stationary phase by 

hydrophobic interactions in a 6rst step. In a second step, the analytes are 
eluted from the stationary phase by electrostatic repulsion provoked by 
the change of the mobile phase pH.

The suitability of the C8Pyr-SP for this chromatographic mode was 
assessed by applying the same set of distinct proteins under HCIC elution 
conditions (see Fig. 6). Instead of an acetonitrile-gradient at constant 
pH, a pH gradient was run and the proportion of organic modi6er kept 
constant (only 10 % acetonitrile). The organic modi6er was added 
because initial experiments under purely aqueous conditions showed 
only elution for ribonuclease A. Surprisingly, the other proteins eluted 
earlier than ribonuclease A after adding the organic modi6er. Starting 
from pH 7.5, the pyridine moieties of the stationary phase surface were 
initially not protonated and the proteins 6rstly adsorbed by hydrophobic 
interactions or electrostatic interactions with the ionized surface sila
nols, or both. Then, the pH was shifted to lower values, as the percentage 
of mobile phase B, which contained 0.1 % formic acid, was increased. As 
a result, the surface charge of the stationary phase as well as the net 
charge of the proteins gradually adopted positive values. Consequently, 
the proteins were eluted by electrostatic repulsion at lower pH values 
depending on their pI. Interestingly, the elution order was reversed 
compared to (repulsive charge-assisted) gradient reversed-phase LC 
conditions at low pH (shown in Fig. 5). Here, the elution order derived 
from complex interactions of the different charge states of the proteins 
and the stationary phase. These charge states changed constantly during 
the chromatographic run depending on the pH value of the actual mo
bile phase. β-Lactoglobulin had the lowest isoelectric point (pI = 5.1) of 
the four test proteins. It is similar to the pI of the C8Pyr-SP surface and 
corresponds closely to the pH (5.5) at which polarity reversal was 
observed in Fig. 3. Therefore, this protein experienced electrostatic 
repulsion 6rst amongst all 4 test proteins during the chromatographic 
run and eluted consequently 6rst. This repulsion was initially probably 
provoked by negative charges of the protein (at pH 7.5) and the ionized 
silanols and afterwards caused by positive charges of the protein and the 
pyridine moieties. Myoglobin, in contrast, had an isoelectric point of 
approximately 7 and was close to its pI at the beginning of the gradient. 
Therefore, it did not experience electrostatic repulsion at the beginning 
of the gradient elution unlike β-lactoglobulin and eluted second. 

Fig. 6. Protein analysis under HCIC conditions on C8Pyr-SP. In A, the obtained chromatogram of protein-HCIC is illustrated. The chromatographic conditions were 
the following: mobile phase A (ACN/aqueous ammonium formate buffer (10/90, v/v) with pH adjusted to 7.5 in the aqueous phase, Ctot = 20 mM), mobile phase B 
(ACN/water/formic acid (10/90/0.1, v/v/v)), Low rate: 1 mL/min, temperature: 50 ◦C, gradient: 0 to 5 min, 0 % B to 100 % B, and 5 to 10 min, 100 % B. In B, the 
principle of HCIC is illustrated. Initially, the analytes adsorb to the stationary phase and were subsequently repelled from the stationary phase by electrostatic 
repulsion generated by pH switch of the mobile phase.
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However, cytochrome C and ribonuclease A were already overall posi
tively charged initially and were adsorbed to the stationary phase by 
hydrophobic and electrostatic interactions. The elution of these proteins 
therefore only took place after the stationary phase changed its charge 
state to positive values. Hence, these proteins eluted last but not 
simultaneously. The differences in the retention times of these two 
proteins might originate from slight differences in hydrophobicity or pI 
or by spatial effects causing distinct accessibility of these interaction 
sites.

Conclusively, all four proteins were successfully separated under 
HCIC conditions proving the suitability of the novel C8Pyr-SP for such 
HCIC-type protein separations with strongly orthogonal retention and 
selectivity as documented by a reversed elution order. As this chro
matographic mode does not elute with an organic modi6er gradient but 
a pH switch, it requires less organic solvent and can therefore be 
considered a greener technology of protein HPLC. Hence, the HCIC ex
periments (Figs. 6 and S23) used 5 times less organic modi6er per 
minute run time than the experiments with organic modi6er gradient 
(Fig. 5).

4. Conclusions

In this study, a novel mixed-mode-SP with pH-dependent surface
charge reversal for hydrophobic charge induction chromatography was 
developed. It is based on a mixed-ligand approach of which one is an 
octyl and the other one a 2-pyridylethyl ligand. As a result, the devel
oped phase can change its ionization state at around pH 5.5 from posi
tive surface charge, due to protonated pyridyl groups at lower pH, to 
negative net charge at higher pH, due to deprotonation of pyridyl groups 
and ionization of residual silanols. Besides, two other stationary phases 
were synthesized for comparison. Thus, a classical butyl‑bonded RP-SP 
and another mixed-mode octyl/3-aminopropyl-bonded RP/WAX-SP 
with positively charged surface over the entire pH-range available for 
silica-based phases were prepared. Both mixed-mode stationary phases 
were synthesized by a new approach utilizing silatranes and prewetted 
silica for surface functionalization providing denser surface coverage 
due to a polymeric siloxane bonding on the silica surface. In contrast, the 
reversed-phase C4-SP column was prepared by a conventional approach 
using a trialkoxysilane as silica functionalization agent. As a result, the 
silatrane-derived stationary phases exhibited a higher percentage of 
trifunctional bonded ligands than the RP-C4-SP, as proven by 29Si CP/ 
MAS NMR experiments. The mixed-mode-SPs differed especially in 
acido-basic characteristics due to dissimilar basicities of the embedded 
WAX-type ligands, due to unequal ligand densities and different amount 
of residual silanols. On all three phases, a set of proteins differing in 
hydrophobicities and isoelectric points was successfully separated by 
denaturing organic modi6er-gradient reversed-phase chromatography 
mode (repulsive charge-assisted RPLC). Finally, the suitability of the 
octyl/pyridyl-bonded SP with pH-dependent surface charge reversal for 
hydrophobic charge induction chromatography was examined. The test 
set of proteins could be successfully separated under HCIC conditions 
with orthogonal retention pro6le and reversed elution order compared 
to gradient RP-HPLC. Since employed HCIC conditions only required 10 
% acetonitrile and elution was not depending on increase of organic 
solvent but by pH-switch, it represents a green methodology of protein 
HPLC. The method performance was reasonable, although no endcap
ping has been performed, no bioinert column hardware was employed 
and column temperatures were far from the optimum. Future work will 
focus on use of core-shell particle technology, stability at high temper
ature (80–90 ◦C), optimization of co-ligand ratio and alkyl chain length 
and further exploration of the HCIC mode for protein separations.
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PART I: Synthesis of silatranes 

Fig. S1. Reaction scheme for synthesis of octyl silatrane. The condensation 

reaction between octyltrimethoxysilane and triethanolamine results in the formation 

of octyl silatrane. The synthesis procedure is described in the main document. The 

yield was 82 % and synthesis control was carried out by nuclear magnetic 

resonance (NMR) analysis revealing a product purity of 98 % according to 1H-NMR 

data. The corresponding NMR spectra are depicted in Fig. S3. 

Fig. S2. Reaction scheme for synthesis of 2-(2-pyridylethyl) silatrane. The 

condensation reaction between 2-(2-pyridylethyl)trimethoxysilane and 

triethanolamine results in the formation of 2-(2-pyridylethyl) silatrane. The synthesis 

procedure is described in the main document. According to 1H-NMR analysis the 

purity was 99 %. The yield was 47 % of the theoretical yield and synthesis control 

was carried out by 1H- and 13C-NMR analysis. The corresponding NMR spectra are 

depicted in Fig. S4. 
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Fig. S3. NMR spectra of octyl silatrane. (a) 1H NMR spectrum ((Jt [Hz]), CDCl3, 400 

MHz): δ 0.38-0.42 ppm (m, 2H), 0.81-0.85 ppm (m, 3H), 1.17-1.29 ppm (m, 10H), 

1.29-1.39 ppm (m, 2H), 2.77 ppm (t, Jt = 5.82, 6H), 3.73 ppm (t, Jt = 5.82, 6H); (b) 
13C NMR (CDCl3, 100.6 MHz): δ 14.34ppm (1C), 16.64 ppm (1C), 22.91 ppm (1C), 

25.73 ppm (1C), 29.61 ppm (1C), 29.74 ppm (1C), 32.21 ppm (1C), 34.24 ppm (1C), 

51.41 ppm (3C), 58.18 ppm (3C). NMR spectra were calibrated to the solvent peaks 

with δ(1H) = 7.24 ppm and δ(13C) = 77.23 ppm [1]. 
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Fig. S4. NMR spectra of 2-(2-pyridylethyl) silatrane. (a) 1H NMR spectrum ((Jt [Hz]), 

CDCl3, 400 MHz): δ 0.78-0.83 ppm (m, 2H), 2.77 ppm (t, Jt = 5.82, 6H), 2.87-2.92 

ppm (m, 2H), 3.73 ppm (t, Jt = 5.82, 6H), 6.97-7.01 ppm (m, 1H), 7.18-7.21 ppm 

(m, 1H), 7.49-7.54 ppm (m, 1H), 8.43-8.46 ppm (m, 1H); (b) 13C NMR (CDCl3, 100.6 

MHz): δ 16.61 ppm (1C), 33.89 ppm (1C), 51.43 ppm (3C), 57.96 ppm (3C), 120.36 

ppm (1C), 122.11 ppm (1C), 136.42 ppm (1C), 148.59 ppm (1C), 166.36 ppm (1C). 

NMR spectra were calibrated to the solvent peaks with δ(1H) = 7.24 ppm and δ(13C) 

= 77.23 ppm [1]. 
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PART II: Characterization of modified silica particles via EA and 

NMR 

Table S1. Elemental analysis results and calculated ligand densities for C4-SP, 

C8Pyr-SP and C8APS-SP. 

Elemental analysis results 

SP 
C1 H1 N1 S1 

[w-%] [w-%] [w-%] [w-%] 
C4-SP 1.462 ± 0.040 0.449 ± 0.010 < 0.03 < 0.02 

C8Pyr-SP 2.650 ± 0.020 0.556 ± 0.019 0.229 ± 0.005 < 0.02 
C8APS-SP 1.580 ± 0.020 0.479 ± 0.009 0.346 ± 0.009 < 0.02 

Calculated ligand densities 

SP 
N2 C2 N-ligand2 C8-

ligand2 
C4-

ligand2,3 
total ligand 
coverage2 

[µmol/m2] [µmol/m2] [µmol/m2] [µmol/m2] [µmol/m2] [µmol/m2] 
C4-SP - 9.72 - - 2.43 2.43 

C8Pyr-SP 1.63 22.06 1.63 1.33 - 2.96
C8APS-SP 2.47 13.15 2.47 0.72 - 3.19

1 determined by elemental analysis 
2 calculated based on elemental analysis data 
3 assuming bifunctional bonding 



234 | CHAPTER SEVEN: PUBLICATION VI 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

PART III: Silanization using silatranes 

Fig. S5. Two-step synthesis approach for silatrane-modified silica. Prior to 

preparation of C8Pyr-SP and C8APS-SP according to the procedure described in 

the main document, synthesis of both stationary phases was performed by a two-

step synthesis approach resulting in 2step-C8Pyr-SP and 2step-C8APS-SP [1, 2]. 

In this approach, the silanization reaction was conducted in anhydrous toluene, 

leading to a surface bonding in which the triethanolamine residue remained 
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attached to the immobilized silane in the first step. Therefore, an acidic hydrolysis 

step was required to remove the surface-bound triethanolamine moiety in a second 

step. The synthesis procedure was the following: 1 g bare silica particles were 

suspended in 20 mL anhydrous toluene within a 100 mL triple neck flask. After 

adding (3-aminopropyl) silatrane or 2-(2-pyriylethyl) silatrane (2 µmol per m2) and 

octyl silatrane (6 µmol per m2) and 4-dimethylaminopyridine (10 mol % related to 

silatrane content) a reflux condenser equipped with a nitrogen supply and a 

mechanical stirrer were attached to the flask and the system was flushed with 

nitrogen for 10 min. Afterwards, the reaction vessel was heated up to reflux and the 

reaction was allowed to proceed for 3 h under nitrogen atmosphere. Hereafter, the 

reaction product was transferred to a glass funnel of porosity 5, washed with boiling 

methanol and boiling toluene three times each and dried in a vacuum chamber for 

12 h at 60 °C. Then, the modified silica particles were treated with a mixture of 

methanol, water and formic acid (20/80/0.1; v/v/v; 50 mL) under reflux for 2 h. 

Thereafter, the silica was washed again with hot methanol and hot toluene three 

times each and dried in a vacuum chamber at 60 °C. 

Fig. S6. Proposed mechanism of acid-catalyzed silica surface functionalization by 

silatranes on humidified silica. The silanols on the surface act as catalyst facilitating 

nucleophilic substitution reaction at the silicon [3]. Typically, silatranes are not prone 
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to nucleophilic attacks, since the transannular donor-acceptor N→Si bond 

increases the electron density at the silicon. However, next to acidic environments 

the reactivity of silatranes increases significantly due to the oxygen atoms´ proton 

affinity [4]. By this means the formation of a polarized hydrogen-bond complex 

between the silanol and the Si-O bond of the silatrane becomes feasible making its 

linking to the surface in a concerted nucleophilic substitution reaction subsequently 

happen. With this reaction, protonation of the oxygen can occur first alike making 

the silatrane´s silicon atom susceptible to the ensuing nucleophilic attack of the 

silanol groups as well. Both processes lead to the same outcome [5]. Although the 

proposed mechanism would allow the complete cleavage of the triethanolamine 

group without water, it has been found that water is usually required for full cleavage 

[1,2]. Two possibilities are conceivable for the linkage of the silanization agents on 

the silica surface: i) a brush-type trifunctional siloxane bonding, and ii) a polymeric 

siloxane bonding. 

Fig. S7. Silanization: Alkoxysilanes vs. silatranes. Silanization using alkoxysilanes 

or silatranes leads to distinct properties of the ligand films created on the silica 

surface. During silanization with alkoxysilanes, polymerization of alkoxysilanes in 

solution takes place in presence of water leading to the formation of a disordered 

functional layer on the silica surface. In contrast, silatranes are not prone to 

polymerization in solution which leads to a thin, homogenous polysiloxane layer of 

ligands on the silica surface [1]. 
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PART IV: Surface charge of modified silica particles 

Fig. S8. pH-Dependent distribution of charged and uncharged species of amino 

groups and pyridine moieties.  Calculation was performed using MarvinSketch 

20.19 (ChemAxon, www.chemaxon.de). 

Fig. S9. Evaluation of surface charge and ion exchange characteristics of C8Pyr-

SP (A) and C8APS-SP (B) at pH 3 and pH 7.5. The chemical structures of the 

analytes applied are depicted in C; pKa values were calculated using MarvinSketch 

20.19 software (ChemAxon, www.chemaxon.de). Chromatographic conditions: 

Mobile phase consisted of MeOH/aqueous ammonium phosphate buffer (20 mM, 

adjusted to pH 3 or pH 7.5) (30/70, v/v), flow rate: 1 mL/min, temperature: 25 °C, 

injection volume: 5 µL. Additional experimental data can be found in Table S3.  
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Table S2. Chromatographic data obtained from the separation of benzylamine, 

phenol and p-toluenesulfonic acid on C8Pyr-SP and C8APS-SP. Chromatograms 

are depicted in Fig. S9. 

retention factor k 

benzylamine phenol p-toluensulfonate
pH 3 pH 7.5 pH 3 pH 7.5 pH 3 pH 7.5 

C8Pyr-SP before t0 0.80 0.29 0.30 6.95 before t0
C8APS-SP before t0 1.92 0.05 0.06 7.82 before t0 

Fig. S10. Phenylalanine and tryptophan derivatives employed for the exploration of 

the surface charge and ion-exchange characteristics, respectvely. pKa values were 

calculated using MarvinSketch 20.19 software (ChemAxon, www.chemaxon.de). 
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Fig. S11. Exploration of the surface charge and ion exchange characteristics, 

respectively, of C4-SP at different pH values and ionic strengths of the mobile 

phase. For the evaluation of the ion exchange retention mechanism of the prepared 

stationary phase the separation of phenylalanine (coloured black) and tryptophan 

(coloured red) derivatives (black: 1-PheOMe, 2-AcPheOEt, 3-Phe, 4-AcPhe; red: 1-

TrpNH2, 2-Trp, 3-AcTrp) was investigated under mobile phase conditions with 

varying ionic strength and pH. The mobile phase consisted of ACN and water 

(80:20, v/v) containing 10, 20 or 50 mM of the corresponding acid (formic acid: pH 

3.5, acetic acid: pH 5 and 7), respectively. The pH was adjusted with ammonia. The 

flow rate was 1 mL/min, the temperature was set to 25 °C, the injection volume to 

2 µL and detection was carried out at 280 nm. 
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Fig. S12. Exploration of the surface charge and ion exchange characteristics, 

respectively, of C8Pyr-SP at different pH values and ionic strengths of the mobile 

phase. For the evaluation of the ion exchange retention mechanism of the prepared 

stationary phase the separation of phenylalanine (coloured black) and tryptophan 

(coloured red) derivatives (black: 1-PheOMe, 2-AcPheOEt, 3-Phe, 4-AcPhe; red: 1-

TrpNH2, 2-Trp, 3-AcTrp) was investigated under mobile phase conditions with 

varying ionic strength and pH. The mobile phase consisted of ACN and water 

(80:20, v/v) containing 10, 20 or 50 mM of the corresponding acid (formic acid: pH 

3.5, acetic acid: pH 5 and 7), respectively. The pH was adjusted with ammonia. The 

flow rate was 1 mL/min, the temperature was set to 25 °C, the injection volume to 

2 µL and detection was carried out at 280 nm. 
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Fig. S13. Exploration of the surface charge and ion exchange characteristics, 

respectively, of C8APS-SP at different pH values and ionic strengths of the mobile 

phase. For the evaluation of the ion exchange retention mechanism of the prepared 

stationary phase the separation of phenylalanine (coloured black) and tryptophan 

(coloured red) derivatives (black: 1-PheOMe, 2-AcPheOEt, 3-Phe, 4-AcPhe; red: 1-

TrpNH2, 2-Trp, 3-AcTrp) was investigated under mobile phase conditions with 

varying ionic strength and pH. The mobile phase consisted of ACN and water 

(80:20, v/v) containing 10, 20 or 50 mM of the corresponding acid (formic acid: pH 

3.5, acetic acid: pH 5 and 7), respectively. The pH was adjusted with ammonia. The 

flow rate was 1 mL/min, the temperature was set to 25 °C, the injection volume to 

2 µL and detection was carried out at 280 nm. 
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Table S3. Chromatographic parameters obtained from analysis of amino acid 

derivatives. Chromatographic conditions are given in Fig. S12-14. 

pH 3.5 pH 5 pH 7 
C4-SP k k k 

10 20 50 10 20 50 10 20 50 
Phe 0.22 0.22 0.21 0.15 0.13 0.15 0.18 0.19 0.16 

AcPhe 0.05 0.06 0.06 0.04 0.04 0.04 0.02 0.05 0.06 
PheOMe 0.47 0.40 0.33 1.22 0.71 0.58 0.13 0.15 0.14 

AcPheOEt 0.07 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 
Trp 0.23 0.23 0.21 0.15 0.14 0.15 0.17 0.17 0.15 

AcTrp 0.06 0.06 0.06 0.01 0.01 0.03 0.01 0.04 0.06 
TrpNH2 0.49 0.40 0.32 1.20 0.72 0.59 0.30 0.27 0.20 

pH 3.5 pH 5 pH 7 
C8Pyr-SP k k k 

10 20 50 10 20 50 10 20 50 
Phe 0.08 0.06 0.06 0.12 0.11 0.12 0.11 0.11 0.10 

AcPhe 0.43 0.33 0.31 0.59 0.49 0.42 0.03 0.05 0.06 
PheOMe ≤ t0 ≤ t0 ≤ t0 0.10 0.09 0.03 0.21 0.20 0.19 

AcPheOEt 0.14 0.14 0.14 0.14 0.14 0.14 0.15 0.14 0.14 
Trp 0.07 0.06 0.06 0.13 0.12 0.13 0.12 0.12 0.10 

AcTrp 0.38 0.35 0.30 0.44 0.36 0.31 0.02 0.05 0.06 
TrpNH2 ≤ t0 ≤ t0 ≤ t0 ≤ t0 ≤ t0 ≤ t0 0.21 0.19 0.15 

pH 3.5 pH 5 pH 7 
C8APS-SP k k k 

10 20 50 10 20 50 10 20 50 
Phe 0.58 0.57 0.50 0.62 0.57 0.56 0.60 0.59 0.50 

AcPhe 7.63 3.91 1.86 56.09 26.57 12.60 6.08 3.29 1.36 
PheOMe ≤ t0 ≤ t0 ≤ t0 ≤ t0 ≤ t0 ≤ t0 0.05 0.05 0.06 

AcPheOEt 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 
Trp 0.53 0.43 0.39 0.61 0.56 0.56 0.58 0.58 0.58 

AcTrp 5.56 2.85 1.36 46.14 22.32 10.18 6.46 3.46 1.42 
TrpNH2 ≤ t0 ≤ t0 ≤ t0 ≤ t0 ≤ t0 ≤ t0 0.03 0.06 0.06 
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PART V: Stationary phase classification by multivariate data 

analysis 

In order to assess the chromatographic properties of the novel stationary phase 

C8Pyr-SP in comparison to a set of commercially available columns, two other in-

house prepared pyridine-modified stationary phases (see Fig. S16) and the C8APS-

SP as well as C4-SP, HILIC and RP tests were carried out with diverse low 

molecular probes differing in charge and hydrophobicity/hydrophilicity. The 

experimental details and columns can be found in Fig. S17-19 and Table S4. For 

this purpose, the resultant retention factors were subjected to principal component 

analysis (PCA). The score plot is shown in Fig. S14 and the corresponding loading 

scatter plot in Fig. S15. Stationary phases with highly similar chromatographic 

properties cluster in close proximity, whereas phases with distinct characteristics 

are located in the score plot far distant from each other indicating chromatographic 

orthogonality. The PC1 axis reflects the hydrophobicity and the PC2 axis the 

surface charge of the chromatographic materials. More precisely, hydrophobicity of 

the phases decreases from low to high PC1 values, whereas surface net charge 

alters from positive to negative values from low to high PC2 values. C8Pyr-SP and 

C4-SP have similar PC2 values (paramount to similar charge under employed 

mobile phase conditions, i.e. at about neutral pH with unadjusted ammonium 

acetate), like the 2-pyridylpropylurea-SP and the ZIC-HILIC column. Consequently, 

the uncharged state of the pyridine functionality under the applied conditions 

became apparent. The overall negative charge, however, resulted from the residual 

silanol activity. On the other hand, C8APS-SP was found in the score plot far away 

from C8Pyr-SP at the same PC2 level as Chiralpak QN-AX, Luna NH2 and QNPyr-

SP. This clearly illustrated the positive surface charge characteristics of C8APS-SP 

and consequently the pH-dependent differences in charge characteristics between 

C8Pyr-SP and C8APS-SP. The amino column Lichrospher NH2, with APS but no 

C8 co-ligand, was found at a lower PC2 value than C8APS-SP due to its low ligand 

density and its accompanying high silanol activity. In terms of hydrophobicity, 

C8Pyr-SP offered the highest of the three phases prepared in this study and was 

located at a similar PC1 level as the mixed-mode column Primesep B2. In contrast, 

C4-SP provided less hydrophobicity than C8Pyr-SP due to the shorter alkyl ligand, 



244 | CHAPTER SEVEN: PUBLICATION VI 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

the lower ligand density and the lower shielding of the silanol groups and was 

consequently found at a higher PC1 value. C8APS-SP showed the lowest 

hydrophobicity and was grouped together with mixed-mode columns such as 

Obelisc N, Obelisc R and the anion-exchange column BioBasic AX. However, 

C8APS-SP still provided more hydrophobicity than classical amino phases such as 

Lichrospher NH2 and Phenomenex Luna NH2 which were located on the PC1 axis 

at the upper end of the hydrophilicity scale. Overall, there seems to be a significant 

physicochemical and chromatographic difference between the two novel prepared 

mixed-mode phases C8Pyr-SP and C8APS-SP and the applied methodology of 

column classification allowed to gain some insight on the general characteristics in 

relation to other stationary phases, even if the analytes were not proteins for which 

the phases have been ultimately prepared. 

Fig. S14. Score plot for stationary phase classification. Classification was done by 

principal component analysis based on retention factors as variables obtained from 

characterization under RP and HILIC conditions (see Fig.S17-19 and Table S4) via 

multivariate data analysis software SIMCA (17.0.2) from Sartorius Stedim Data 

Analytics AB (Umeå, Sweden). PC1 reflects the hydrophobicity and PC2 the surface 

net charge of the investigated stationary phases. Hydrophobicity decreases from 

low to high PC1 values. The surface net charge alters from positive to negative 

values from low to high PC2 values. The surface chemistries of the various 

stationary phases are depicted in Fig. S16. 
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Fig. S15. Loadings scatter plot of PCA. p1 vs. p2. p1 is the loading in the first 

component and p2 the loading in the second component. Loadings express the 

dominating correlation structure of the X matrix. 

Fig. S16. Surface chemistries of commercial and in-house prepared columns used for 

stationary phase classification by PCA. 
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Fig. S17. Analytes applied for RPLC test. The chromatographic performance under 

RPLC conditions was investigated by the separation of the four analytes PeB (1; 

logD(pH 6) ~ 4.261), BuB (2; logD(pH 6) ~ 3.821), BocProPhe (3; pKa ~ 3.61, 

logD(pH 6) ~ -0.061) and DETP (pKa ~ 3.61, logD(pH 6) ~ -0.971). The 

chromatographic conditions, the obtained chromatograms and the chromatographic 

data can be found in Fig. S19 and Table S4. 1calculated using MarvinSketch 20.19 

software (ChemAxon, www.chemaxon.de). 

Fig. S18. Analytes applied for HILIC test. The chromatographic performance under 

HILIC conditions was investigated by the separation of xanthines, nucleosides and 

vitamins. The following analytes were submitted to HILIC test: (1) ascorbic acid (pKa 

~ 4.21, logD(pH 8) ~ -5.271), (2) nicotinic acid (pKa ~ 2.81, logD(pH 8) ~ -3.041), (3) 

pyridoxine (logD(pH 8) ~ -0.971), (4) riboflavin (pKa ~ 6.01, logD(pH 8) ~ -2.601), (5) 

thiamine hydrochloride (logD(pH 8) ~ -3.101), (6) caffeine (logD(pH 8) ~ -1.061), (7) 

theobromine (logD(pH 8) ~ -1.281), (8) theophylline (logD(pH 8) ~ -1.321), (9) 

adenosine (logD(pH 8) ~ -2.091), (10) guanosine (logD(pH 8) ~ -3.221), (11) cytidine 

(logD(pH 8) ~ -2.801), (12) uridine (logD(pH 8) ~ -2.421), (13) thymidine (logD(pH 8) 

~ -1.331). The chromatographic conditions, the obtained chromatograms and the 

chromatographic data can be found in Fig. S19 and Table S4 1calculated using 

MarvinSketch 20.19 software (ChemAxon, www.chemaxon.de) 
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Fig. S19. Chromatograms obtained from RPLC and HILIC test. Investigation of the 

three prepared stationary phases was carried out under RPLC (A) and HILIC (B-D) 

conditions applying different sets of analytes. RP chromatography was performed 

using a mixture of ACN and water (40/60, v/v) containing 50 mM acetic acid as 

mobile phase. The mobile phase pH was adjusted to pH 6 with ammonia. The linear 

flow velocity was set to 1.7 mm/s and detection was carried out at 220 nm. The 

injection volume was 2 µL and the temperature 25°C. For the investigation of 

xanthines under HILIC conditions a mobile phase consisting of ACN and water 

(90:10, v/v) containing 5 mM ammonium acetate was utilized, for the investigation 

of vitamins and nucleosides a mobile phase consisting of ACN and water (95:5, v/v) 

containing 5 mM ammonium acetate. The flow rate was calculated to the 

corresponding linear velocity of 1.7 mm/s. The injection volume was set to 2 µL, the 

temperature to 25 °C and detection was carried out at 254 nm. 
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Table S4. Retention factors obtained from RPLC and HILIC test for in-house 

prepared and commercial columns used for PCA. Data of commercial columns 

were partially taken from [2] and [6]. Chromatographic conditions can be found in 

Fig. S20. 
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PART VI: High-performance liquid chromatography of proteins 

Fig. S20. Influence of temperature (A) and buffer concentration (B) on retention of 

proteins on C8Pyr-SP under gradient reversed phase chromatography conditions. 

Elevated temperatures and increasing buffer concentrations lead to better peak 

shapes in both cases. In A, the buffer concentration was set to 20 mM and the 

temperature varied. In B, the temperature was set to 50°C and the buffer 

concentration varied. In both cases, the mobile phase A consisted of acetonitrile 

and an aqueous ammonium formate buffer (10/90, v/v). Mobile phase B consisted 

of acetonitrile and an aqueous ammonium formate buffer (90/10, v/v). The pH value 

of the mobile phases was adjusted to pH 3 in the aqueous phase. The flow rate was 

set to 1 mL/min and the gradient from 0 to 5 min from 0% B to 100% B. 
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Fig. S21. Comparison of C4-SP (50 x 3 mm, 3 µm, 300 Å) and commercial Acquity 

Protein BEH C4 column (50 x 2.1 mm, 1.7 µm, 300 Å; from Waters Corperation, 

Milford, MA, USA) and Solas C4 column (50 x 2.1 mm, 1.7 µm, 400 Å; from 

Glantreo, Cork, Ireland). In A, the chromatographic results for both columns under 

gradient reversed phase conditions at pH 3 are depicted (for further 

chromatographic conditions see Fig. S21, flow rates were adjusted to the same 

linear velocity). In B, the surface chemistry of commercial Solas C4 is illustrated. A 

detailed description of the surface chemistry of Acquity BEH C4 was not available. 

Table S5. Gradient-time-normalized retention times (tR,norm) for the four test proteins 

under gradient reversed phase conditions (see Fig. S21 and Fig. S22) at mobile 

phase pH 3 (tR,norm = (tR-t0)/(tG-t0)). 
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Fig. S22. Analysis of a protein mixture on C4-SP (A), C8Pyr-SP (B) and C8APS-

SP (C) under gradient reversed phase chromatography conditions at different 

mobile phase pH values. Chromatographic conditions: mobile phase A 

(ACN/aqueous ammonium formate buffer with respectively adjusted pH in the 

aqeous phase, Ctot = 20 mM (10/90, v/v)), mobile phase B (ACN/aqueous 

ammonium formate buffer with respectively adjusted pH in the aqeous phase, Ctot 

= 20 mM (90/10, v/v)), flow rate: 1 mL/min, temperature: 50 °C, gradient: 0 to 5 min: 

0% B to 100% B.   
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Fig. S23. Protein analysis under HCIC conditions on C8Pyr-SP at different starting 

pH values of the mobile phase (1: ribonuclease A, 2: cytochrome C, 3: myoglobin, 

4: β-lactoglobulin). Chromatograpic conditions: mobile phase A (ACN/aqueous 

ammonium formate buffer with varying pH (adjusted in the aqueous phase), Ctot = 

20 mM (10/90, v/v)), mobile phase B (ACN/water/formic acid (10/90/0.1, v/v/v)), flow 

rate: 1 mL/min, temperature: 50 °C, gradient: 0 to 5 min: 0% B to 100% B, 5 to 10 

min: 100% B. 
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ABSTRACT

The present work reports on the preparation, characterization, and evaluation of a set of novel triphenyl-modified silica-based

stationary phases without and with embedded ion-exchange sites for mixed-mode liquid chromatography. The three synthesized

triphenyl phases differed in additionally incorporated ion-exchange sites. In one embodiment, allyltriphenylsilane was bonded

to thiol-modified silica by thiol-ene click reaction, leading to particles with no ion-exchange sites. A second stationary phase

was obtained by thiol-yne click reaction of thiol silica with 2-propinyl-triphenylphosphonium bromide, yielding a strong anion-

exchanger (SAX). A third stationary phase was obtained from this SAX phase by the oxidation of residual thiols to sulfonic acid

moieties, leading to a zwitterionic surface. All synthesized materials were subjected to elemental analysis, 13C and 29Si solid-state

cross-polarization/magic angle spinning nuclearmagnetic resonance (CP/MASNMR) spectroscopy analysis, and pH-dependent ζ-

potential determinations via electrophoretic light scattering. The prepared stationary phases were chromatographically evaluated

under classical reversed-phase, ion-exchange, and hydrophilic interaction chromatography conditions and classified within a set

of commercially available columns by principal component analysis of retention factors. Finally, the obtained stationary phases

were applied for biomolecule separations (e.g., teicoplanin and siRNA patisiran). These LC tests proved the orthogonality of the

three prepared stationary phases and indicated possible fields of application.

1 Introduction

Nowadays, in biochemical and pharmaceutical analysis, a variety
of diverse liquid chromatography modes are applied. Besides the
most common reversed-phase (RP) and hydrophilic interaction
chromatography (HILIC) modes, mixed-mode chromatography
(MMC) is constantly getting more popular. SuchMMC stationary
phases offer two or more different types of interactions with the
analyte and hence orthogonal retention mechanisms. Due to the

complementarity of the interactions, distinct selectivities, more
flexibility for optimization of separation conditions, and extended
fields of applicability can usually be achieved than would be
feasible with single-mode chromatography. Therefore, hydropho-
bic, hydrophilic, and ionic interaction sites are most frequently
combined with each other within one analytical column [1–3]. To
this end, mixed beads, mixed ligands, or single multifunctional
ligands strategies have been used to create the MMC character of
the stationary phase [4]. The hydrophobic properties are typically

Abbreviations: CP/MAS, cross-polarization/magic angle spinning; MMC, mixed-mode chromatography; siRNA, small interfering ribonucleic acid; SP, stationary phase; ZWIX, zwitterionic ion
exchanger.
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incorporated by the implementation of alkyl moieties on the
surface of the support, the hydrophilic character by embedding
polar functional groups such as amide, urea, carbamate, ether or
thioether moieties (as hydrogen acceptor or donor sites), whereas
ionic interaction sites are usually introduced by the incorporation
of permanently or pH-dependent charged functional groups [2,
4–6]. Interestingly, aromatic groups, as for instance phenyl-
moieties, are rarely reported to be applied as the hydrophobic
part of mixed-mode phases [7, 8]. Some selected examples are
typical ionic liquid phases that have immobilized, for example,
imidazole-type ionic liquids [9–11]. On the other hand, classical
phenyl phases, including phenyl-, biphenyl-, phenylhexyl-, and
polyphenyl-modified silica, reached attractiveness as alternative
RP-type stationary phases with complementary retention profiles
when used with methanolic mobile phases that do not disrupt
π-π-interactions like acetonitrile [12–16].

Phenyl groups alone have numerous other interaction options in
addition to the hydrophobic ones, which makes them promising
candidates for MMC phases. Thus, π─π-, cation─π-, anion─π-,
dipole─dipole-, hydrogen-bonding and weak electrostatic
interactions are possible. In addition, the anchoring of such
bulky phenyl groups to the silica surface can effectively shield
free silanols and prevent detrimental analyte–silanol interactions.
In particular, in the analysis of biopolymers, free and accessible
silanol groups have been reported to be responsible for poor
recoveries, badly shaped peaks, and low efficiencies. However,
this phenomenon is usually largely solved by end capping
strategies or the use of polymer-based non-silica supports [17–20].

Against this backdrop, stationary phases with implemented
bulky triphenyl residues imparting, on the one hand, RP
chromatography properties and with embedded ionic moieties
conferring, on the other hand, ion-exchange properties were
synthesized to create new RP/IEX MMC stationary phases.
The latter was obtained by incorporation of permanently pos-
itively charged phosphonium groups and negatively charged
sulfonic acid moieties on the surface. In contrast to sulfonic acid
groups, only a few phosphonium-type silica phases have been
reported in liquid chromatography yet. A few permanently pos-
itively charged phosphonium-functionalized stationary phases
for HILIC of, for instance, phospholipids were reported, as
well as stationary phases suitable for the analysis of inter alia
lignin degradation products [21–23]. Phosphonium-based ionic
liquid stationary phases were mainly investigated in gas chro-
matography [24–26]. Furthermore, zwitterionic phases, including
combined phosphonium, and sulfonic acid functionalities, were
fabricated by Qui et al. and successfully applied for HILIC of
inter alia nucleic acids, nucleosides, and water-soluble vitamins
[27]. In this study, the synthesis, characterization, and appli-
cability of neutral, SAX-type, and zwitterionic-type triphenyl-
stationary phases with distinct surface charge will be briefly
addressed.

2 Experimental

2.1 Materials

Spherical silica particles (Daisogel, 3 µm, 300 Å, 100 m2/g) were
purchased fromDaiso Fine ChemGmbH (Düsseldorf, Germany),

and empty stainless-steel columns (50 mm × 3 mm) were
purchased from Bischoff Chromatography (Leonberg, Germany).
Allyltriphenylsilane, n-octadecyltrimethoxysilane, and n-
butyltrimethoxysilane were supplied from ABCR Chemicals
(Karlsruhe, Germany). (3-Mercaptopropyl)trimethoxysilane,
2-propinyl-triphenylphosphonium bromide, azobis
(isobutyronitrile) (AIBN), 2,2′-dipyridyl disulfide (DPDS),
acetic acid (analytical grade), formic acid (FA, analytical
grade), ammonium acetate, 4-dimethylaminopyridine (DMAP),
sodium hydroxide, deuterated chloroform, triethanolamine,
butylbenzene (BuB), pentylbenzene (PeB), triphenylene,
o-terphenyl, pyridine, phenol, benzylamine, sodium p-
toluenesulfonate, adenosine, guanosine, cytidine, thymidine,
uridine, nicotinic acid, pyridoxine hydrochloride, ascorbic
acid, riboflavin, thiamine hydrochloride, caffeine, theophylline,
theobromine, O,O-diethylchlorothiophosphate (DECTP),
triethylamine were received from Sigma-Aldrich (Munich,
Germany). O,O-Diethylthiophosphate (DETP) was obtained
from the hydrolysis of DECTP in the presence of triethylamine.
(3-Mercaptopropyl)silatrane (MPS) was synthesized as described
in the Supporting Information (see Figures S1 and S2). The
solvents toluene, methanol, and methylene chloride were of
technical grade or HPLC grade and purchased from Brenntag
(Essen, Germany) or Sigma-Aldrich (Munich, Germany). MilliQ
water was prepared by using an Elga PureLab Ultra Purification
System (Celle, Germany).

2.2 Instrumentation and Software

Elemental analysis was conducted using an EA 3000 CHNS-
O elemental analyzer from EuroVector SpA (Milan, Italy)
as described in [28, 29]. Determination of free and reactive
sulfhydryl groups by a thiol-disulfide exchange reaction using
DPDS assay was carried out according to [29]. ζ-Potentials were
determined in accordance with [30] by electrophoretic light
scattering measurements using a Zetasizer NanoZS particle
analyzer from Malvern Instruments (Herrenberg, Germany).
MarvinSketch 20.19 software (ChemAxon, www.chemaxon.de)
was used to calculate pKa values. Liquid-state nuclear magnetic
resonance (NMR) spectroscopy experiments were carried
out using a Bruker Avance 400 MHz spectrometer (Bruker,
Rheinstetten, Germany), whereas solid-state NMR spectroscopy
experiments were performed using a Bruker Avance III HD XWB
300 spectrometer (applied parameters can be found in [28]). NMR
datawere processed by Topspin 4.0.8 software fromBruker. HPLC
experiments were all performed on HPLC systems from Agilent
Technologies (Waldbronn, Germany). Thereby, measurements
were usually performedusing anAgilent 1260 seriesHPLC system
featuring a degasser, flexible pump, autosampler, temperature-
controlled column compartment (TCC), and a diode array
detector (DAD), or an Agilent 1100 series HPLC equipped with
a degasser, quaternary pump, autosampler, TCC, and variable
wavelength detector (VWD). OpenLab CDS ChemStation Online
Software (Rev. C.01.03 (37), 2011) and ChemStation Offline
Software (Rev. B.04.03 (16), 2010) from Agilent Technologies
were used for data acquisition and analysis. Stationary phases
were slurry packed into stainless steel columns using a Smartline
Pneumatic Pump 1950 from Knauer (Berlin, Germany) and
a packing apparatus obtained from Dr. Maisch HPLC GmbH
(Ammerbuch, Germany) (see Figure S7). Principal component
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analysis (PCA) was carried out by using the multivariate data
analysis software SIMCA (17.0.2) from Sartorius Stedim Data
Analytics AB (Umeå, Sweden). Data visualization was carried
out using OriginPro 2022 (OriginLab, Northampton, MA, USA).
More detailed information is given in respective figure captions or
subchapters.

2.3 Preparation of Modified Silica Particles

2.3.1 Preparation of Thiol Silica by Functionalization
with Silatrane

In the first step, 2 g bare silica particles (3 µm, 300 Å, 100 m2/g)
were dispersed in 20 mL of MilliQ water and sonicated for 5 min
within a glass flask. Thereafter, the suspension was transferred
to a glass funnel of porosity 5, and the water was removed
by applying a slight vacuum for 16 h. Afterward, 3.5 g of the
humidified silica was dispersed in 16 mL toluene and 4 mL
methanol within a triple neck flask equipped with a mechanical
stirrer, a nitrogen supply, and a reflux condenser. Then, 3-
meracptopropylsilatrane (8 µmol/m2) and DMAP (0.4 µmol/m2),
both referring to dry silica, were added to the suspension, and the
mixture was heated to reflux for 7 h. In the next step, the silica
was washed three times with boiling methanol and toluene, each
using a glass funnelwith porosity 5. Thereafter, themodified silica
particles were dried in a vacuum chamber at 60◦C for 12 h. The
amount of adsorbed water on the silica surface at the beginning
of the grafting procedure was determined in accordance with the
European Pharmacopeia. Thus, the humidified silica was dried
in a heating chamber at 110◦C for 96 h, and the drying loss was
determined by weighing the silica before and after the drying
process. Elemental analysis results for the modified silica can be
found in Table 1.

2.3.2 Preparation of Triphenyl-Stationary Phase by
Thiol-Ene Click Reaction

Around 0.5 g dry thiol-modified silica particles (SH-SP) were
suspended in 20 mL anhydrous toluene within a triple neck flask
equipped with a mechanical stirrer, a reflux condenser, and a
nitrogen supply. After adding allyltriphenylsilane (6 µmol/m2)
and AIBN (5 mol% related to the quantity of ene-groups)
to the suspension, the reaction mixture was heated up to
reflux, and the reaction was allowed to proceed for 7 h under
continuous stirring and nitrogen rinsing. Thereafter, themodified
silica particles were washed with boiling toluene and boiling
methanol three times each using a glass funnel of porosity 5
and subsequently dried in a vacuum oven at 60◦C for 24 h.
Elemental analysis results for the modified silica can be found in
Table 1.

2.3.3 Preparation of Triphenyl-SAX Stationary Phase by
Thiol-Yne Click Reaction

One gram dried thiol-modified silica particles were suspended in
20 mL anhydrous methanol within a triple neck flask equipped
with a mechanical stirrer, a reflux condenser, and a nitrogen
supply. After adding 2-propinyl-triphenylphosphonium bromide

(6 µmol/m2) and AIBN (10 mol% related to the quantity of
yne-groups) to the suspension, the reaction mixture was heated
up to reflux, and the reaction was allowed to proceed for 7 h
under continuous stirring and nitrogen rinsing. Thereafter, the
modified silica particles were washed with boiling methanol and
boiling toluene three times each using a glass funnel of porosity
5 and subsequently dried in a vacuum oven at 60◦C for 24 h.
Elemental analysis results for the modified silica can be found in
Table 1.

2.3.4 Preparation of Triphenyl-ZWIX Stationary Phase
by Oxidation of Triphenyl-SAX

Around 0.5 g triphenylphosphonium-modified silica particles
were dispersed in a mixture of 40 mL methanol and 2.1 mL
formic acid. Subsequently, amixture of 0.5mL hydrogen peroxide
(30%, v/v) and 9.5 mL formic acid was added dropwise to the
suspension. Thereafter, the reaction was allowed to proceed for
4 h under ice bath cooling and permanent mechanical stirring.
Finally, the silica was washed three times with boiling methanol
using a glass funnel of porosity 5 and dried in a vacuum oven at
60◦C for 24 h. Elemental analysis results for the modified silica
can be found in Table 1.

3 Results and Discussion

3.1 Trifunctional Bonded Platform Thiol-Silica
by Silatrane Immobilization

Thiolated brush-type silica (Figure 1) is a frequently used
carrier for the preparation of further functionalized silica by
efficient and straightforward thiol-ene or thiol-yne click reactions
(Figure 2). Usually, such thiol silicas are prepared by classical
silylation reactions through condensation using functional tri-
alkoxysilanes. Such a reaction leads mainly to immobilization
by bifunctional siloxane bonding (vide infra). C4-SP and C18-SP,
which were synthesized for comparison, were prepared con-
ventionally utilizing the respective trialkoxysilanes (see Figure
S3). In this study, (3-mercaptopropyl)silatrane was employed
for the preparation of the triphenyl phases (see Figure S4).
The beneficial properties of silatranes over traditionally used
alkoxysilanes for the bonding of chromatographic ligands to the
silica surface were recently demonstrated [28]. Due to their cage-
like structure and the transannular N→Si bond, silatranes are not
prone to hydrolysis under aqueous conditions and thus do not
form oligomeric/polymeric structures in the reaction solution.
However, silatranes can undergo condensation reactions with
the silanols located on the silica surface due to acid catalysis of
silica (Figure S5) [31–33]. Consequently, the formation of thin
self-assembling sulfhydryl layers takes place on the surface. In
the previous study (see [28]), a two-step synthesis approach
was necessary to form the favorable self-assembled polysiloxane
surface layer. Under nonaqueous conditions, in the first step, the
triethanolaminemoiety remains attached to the silica surface (see
Figure S5). It needs to be removed by a second hydrolysis step.
In order to simplify the synthesis and reduce overall reaction
time, a single-step synthesis approach was developed in this
study. The key tomaking a single-step silanizationwith silatranes
possible is the humidification of the silica prior to the silanization
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FIGURE 1 Surface chemistries of the prepared stationary phases. Synthesis procedures for C4-SP and C18-SP are described in the supplementary

material (see Figure S3). All stationary phases were manufactured starting from the same spherical silica (3 µm, 300 Å, 100 m2/g).

FIGURE 2 Synthesis scheme for the preparation of the triphenyl-SAX-SP by thiol-yne/ene click reaction. After thermally initiated radical

formation, the radical is transferred from the decomposition product of the initiator to the thiol groups. The thiyl radical generated causes a

hydrothiolation reaction on the double or triple bonds of the reaction partners. As a result, the formation of a thioether takes place subsequently. In

this process, a carbon-centered radical is formed intermediately, which provokes a prolonged reaction by transferring the radical to the next thiol group.

Therefore, double bonds can react once with one thiol group, whereas triple bonds can react with up to two thiol groups.

reaction to ensure that all triethanolamine moieties are cleaved
off in the course of the reaction. Herein, the water content of the
humidified silica was determined to be 48% (w/w). Subsequently,
the resultant thiol silica was analyzed by elemental analysis (see
Table 1) and solid-state 13C and 29Si CP/MAS NMR spectroscopy
(see Figure 3). It showed similar results in agreement with the
two-step silanization approach using silatrane in the previous
study [28]. It can be seen from Table 1 that a very high density of
incorporated sulfhydryl groups (4.12 µmol/m2) was obtained by
the single-step silanization reaction with silatrane. It indicates a
polysiloxane layer on the silica surface rather than a trifunctional
brush-type immobilization, which does not reach such high sur-
face coverage (see Figure S6). The 29Si CP/MAS NMR spectrum

(Figure 3A) reveals that the thiol ligands are mainly attached
by trifunctional siloxane bonding to the support (T3: 67.8%)
with less bifunctional bonding (T2: 28.3%). There are very few
monofunctional siloxane-bonded ligands (T1: 3.9%). In contrast to
the findings of the previous two-step study, however, more than
90%of the thiol groups calculated by elemental analysis could also
be detected by means of a thiol-disulfide exchange reaction, indi-
cating the accessibility and reactivity of the sulfhydryl moieties
incorporated by this single-step approach. It can be concluded
that the present single-step surface functionalization leads to less
oxidation than the previous two-step approach. It is favorable as
a higher concentration of reactive surface sulfhydryls is available
for ligand attachment. These findings indicate the superiority of
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FIGURE 3 (A) 29Si CP/MAS NMR analysis of SH-SP and (B) 13C CP/MAS NMR spectra for SH-SP, triphenyl-SAX-SP and triphenyl-ZWIX-SP. (A)

The 29SiNMR spectrumof SH-SP exhibits the three characteristic signals formodified silica (T1, T2, andT3) beside the typical signals for the silica support

(Q3: free single and vicinal silanol groups, Q4: siloxane groups). T1, T2, and T3 can be assigned to the silicon atoms of the diverse 3-mercaptopropyl

siloxane bonds immobilized on the silica surface, giving information about the proportion of mono-, di-, and trifunctional siloxane-linked moieties.

(B) 13C NMR spectra illustrate the successful synthesis of SH-SP, triphenyl-SAX-SP, and triphenyl-ZWIX-SP. Thus, the successful immobilization of the

phenyl ligands is proven as well as the accomplished oxidation of the residual sulfhydryl groups. The signal at approximately 50 ppm (bright green) can

be attributed to methoxy groups generated on the silica surface due to the methanolic solvent used in the synthesis.

the new single-step grafting approach andmake it a viable way to
overcome the accessibility problems of the sulfhydryl groups that
occurred by earlier synthesis approaches.

3.2 Immobilization of Triphenyl Ligands by
Thiol-Yne/Ene Click Reaction

A set of diverse triphenyl-modified stationary phases was pre-
pared by further decoration of the thiol platform silica by efficient
immobilization through thiol-ene/yne click reactions. These
radical addition reactions are simple, generally highly efficient,
proceed with high yields, and are characterized by fast reaction
kinetics, high selectivities, andmild reaction conditions. They are
therefore a powerful chemical strategy for surfacemodification of
silica involving the reaction between a thiol and an ene- or yne-
group-bearing component. As a result, the formation of one or
two new carbon-sulfur bonds occurs, respectively [29, 34, 35]. For
the preparation of uncharged triphenyl-SP, allyltriphenylsilane
was used as the ene component, and thermal initiationwithAIBN
as radical initiatorwas applied (see Figure S4). Elemental analysis
results revealed that about 50% of the determined sulfhydryl
groups reacted with the triphenyl-ligand providing a calculated
ligand coverage of 1.96 µmol/m2 for the triphenyl-SP (see Table 1).
This was significantly higher compared with the quantity of
immobilized tert-butyl quinine (0.25 µmol/m2) reported in the

previous study (see [28]) for the thiol-ene reaction on thiol-silica
from a two-step synthesis approach. This stationary phase still
contained around 1.74 µmol/m2 reactive sulfhydryls after ligand
immobilization.

The permanently positively charged triphenyl-SAX-SP was pre-
pared with 2-propinyl-triphenylphosphonium bromide as the
yne component (see Figure S4). The reaction mechanism is
schematically illustrated in Figure 2. While ene components can
only react with a single sulfhydryl group on the silica surface,
leading to the anti-Markovnikov product, yne components can
react with two sulfhydryl moieties (Figure 2). This might be
beneficial since it leads to doubly tethered linkages to the surface
resulting in higher chemical stability of the surface chemistry
and lower ligand bleeding, respectively. From elemental analysis
data, a surface coverage of 0.93 µmol/m2 was calculated for the
triphenyl-SAX-SP (see Table 1). A relative ligand density ratio
between triphenyl-SP (thiol-ene, 1 thiol per ene) and triphenyl-
SAX-SP (thiol-yne, two thiols per yne) of 2.1:1.0 was calculated
from EA, which corresponds almost exactly to the ratio of
reactions with thiol groups possible per immobilized ligand (2:1,
yne-/ene-component). The 13C CP/MAS NMR spectrum of the
triphenyl-SAX-SP shows additional signals from the thioether-
bonded alkyne group between 30 and 40 ppm and the phenyl
residues at around 120–140 ppm confirming the successful
immobilization of the ligand (see Figure 3). In contrast to the
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FIGURE 4 ζ Potentials of the modified silica particles determined

by electrophoretic light scattering at different pH values (10 mM KCl in

1 mM buffer).

triphenyl-SP, the triphenyl-SAX-SP offers an additional anion
exchange site due to the central phosphonium group, which is
surrounded by three bulky phenyl groups. Such bulky moieties
were assumed to shield the charged site from short-range ionic
interactions with counterionic analytes and diminish silanol
interactions of the analytes by electrostatic shielding or steric
hindrance.

3.3 Generation of Zwitterionic Surface by
Oxidation of Residual Thiols

Zwitterionic surfaces have shown interesting andpromising prop-
erties in LC, in particular in HILIC and ion chromatography. In
order to insert additional strong cation-exchange sites and enable
attractive and repulsive electrostatic interactions simultaneously,
triphenyl-SAX-SP was oxidized using performic acid. Performic
acid is an efficient oxidizing agent that can be used under
mild conditions at which silica and siloxane bonds are stable.
Hereby, unreacted residual sulfhydryl groups were oxidized to
sulfonic acid moieties, and consequently a zwitterionic surface
was created [36]. Contrary to classical sulfobetaine phases widely
used in HILIC, opposite charges were on distinct ligands and
farther apart from each other, probably leading to imperfect
charge compensation.

The successful oxidation was proven by determination of
sulfhydryl groups via a thiol-disulfide exchange reaction using
DPDS, 13CCP/MASNMR analysis, and pH-dependent ζ-potential
measurements (vide infra). After the oxidation procedure, no
remaining residual thiol groups could be detected by the DPDS
assay (see Table 1). According to elemental analysis, there is a 2-
fold excess of sulfonic acid moieties compared to phosphonium
groups, which may lead to the assumption that the surface is net
negatively charged (see ζ-potential measurements in Figure 4).
In the 13C NMR spectrum, typical signals for the mercaptopropyl
moiety at around 20–30 ppm disappeared or were shifted, being
indicative of a successful oxidation of both sulfhydryls and
thioethers of triphenyl-SAX-SP (see Figure 3). Sulfhydryls are
oxidized to sulfonic acids while thioethers get oxidized to sulfone
groups.

3.4 Surface Charge Characterization by
ζ-Potential Measurements

ζ-Potentials have beendetermined by electrophoretic light scatter-
ingwith suspensions of the (modified) silica particles in a solution
of 10 mM KCl in 1 mM buffer [37]. It allows one to indicate
changes in the surface chemistry and gives an orientation of the
charge state under distinct chromatographic conditions. Thus, ζ-
potentialswere recorded for allmaterials, including the bare silica
support (SiOH-SP), at different pH values in the range between
pH 3.5 and 9.5. It can be seen in Figure 4 that bare silica shows
negative ζ-potentials over the entire pH range. With increasing
pH, the surface charge increases as more and more silanols get
dissociated, and hence the negative ζ-potentials increase from
−5 mV at pH 3.5 (silanols mostly non-dissociated) to −50 mV
(silanols fully dissociated). There is a slight change in the ζ-
potentials of the thiol-modified particles and the triphenyl-SP
with a neutral surface bonding structure to more negative values,
which appears unexpected at first instance as some silanols
are modified and hence less residual silanols are expected to
be available. However, the aqueous treatment of the bare silica
prior to thiol modification (prewetting step) can lead to the
hydrolytic cleavage of siloxane bonds and consequently to the
formation of new silanol groups. Thus, the net charge of SH-
SP and triphenyl-SP was found to be more negative than for
precursor SiOH-SP. In sharp contrast, modification of the SH-SP
particles with triphenylphosphoniummoieties in triphenyl-SAX-
SP shifted its ζ-potential to positive values in the low pH range,
being indicative of a net positive surface charge. However, charge
reversal (umpolung) occurs for this material at approximately
pH 7.5, leading to negative surface charges above this pH value
due to the increasing deprotonation of the silanols. Furthermore,
ζ-potentials of the triphenyl-ZWIX-SP particles dropped signifi-
cantly after oxidation by −30 mV (high pH) to −50 mV (low pH)
due to the embedded, permanently negatively charged sulfonate
groups which confirms the successful oxidation of the residual
thiols as derived from the DPDS assay and elemental analysis. It
also indicates the excess of sulfonate groups, over phosphonium
moieties (see Figure 4).

3.5 Chromatographic Evaluation

As the first chromatographic test to characterize primarily theRP-
type triphenyl-SP with neutral surface bonding in comparison to
C4- and C18-SP as benchmarks, a Tanaka test was performed on
all columns [38–40]. The different properties tested and analytes
used as probes to do so, as well as corresponding calculations
of characteristic values (typically obtained as separation factors
of the ratio of the retention factors of two specific analytes), are
briefly summarized in Table S1. The results of the Tanaka test
achieved for the various SPs are depicted in suppl. Table S2, and a
graphical representation by a spider plot is given in Figure 5. The
Tanaka test is designed to compare RP-type phases, and therefore
the results are particularly meaningful for RP-type phases. The
results for ionic mixed-mode phases (see Figure S8) must be
interpreted with caution, taking into account the effects of ion-
exchange sites, which are not present in classical RP-type phases
(with the exception of pH-dependent ionized residual silanols).
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FIGURE 5 Normalized radar plot based on chromatographic investigation under Tanaka test conditions for RP-type phases. Further information

concerning chromatographic conditions and parameters can be found in Figures S8 and S9 and Tables S1 and S2.

Since all stationary phases were based on 300 Å pore size silica,
the hydrophobicity of the SPs and hydrophobic retention (as
measured by k of pentylbenzene), respectively, are relatively
small as compared to standard 100 Å RP18 stationary phases.
It declined in the order of triphenyl-SP > C18-SP > C4 ∼ SH-
SP, roughly in the order of the carbon content determined by
elemental analysis (see Figure 5) (note, mixed-mode phases will
be discussed separately below).Accordingly, also the hydrophobic
selectivity was smaller herein than on 100 Å RP18 stationary
phases (C18-SP > triphenyl-SP ∼ SH-SP > C4-SP). The shape
selectivity was the highest for the SH-SP, as the 3-mercaptopropyl
ligands were most densely packed, followed by the C18-SP >

triphenyl-SP > C4-SP (Figure 5). The separation factors between
caffeine and phenol, as well as pyridine and phenol, represent
the hydrogen acceptor and hydrogen donor capacities of the
SPs, respectively (collectively hydrogen bonding capacities). The
radar plot in Figure 5 reveals that the triphenyl-SP exhibits
the lowest hydrogen bonding capacities of these four RP-type
phases, both regarding H-acceptor and H-donor capacities. Since
it depends on the available silanol moieties, it can be concluded
that the triphenyl-phase has fewer silanol interactions than the
other three RP-type phases tested. In contrast to C4- and C18-
SP, the triphenyl-SP exhibits therefore also less cation exchange
properties at pH 2.6 and pH 7.6, which indicates a better shielding
of the analytes from the surface silanols as well. Furthermore, the
high value for silanol activity of the precursor SH-SPmaybe partly
explained by the weakly acidic sulfhydryls, whichmay contribute
to this parameter.

Table S2 and Figure S8 also show the corresponding results
of the mixed-mode ion-exchange phases triphenyl-SAX-SP and
triphenyl-ZWIX-SP (for structures of the analytes employed
for the Tanaka test, see Figure S9). Both mixed-mode ion-
exchange phases have lower hydrophobicity due to the charged
phosphonium moiety and sulfonic acid residues, respectively,
and lose their methylene selectivity. On the other hand, both
mixed-mode ion-exchange phases show surprisingly high shape
selectivity, which is significantly higher than the one of triphenyl-
SP (Table S2). It is striking that this is an incident with the
type of immobilization by thiol-yne click reaction, which leads
to doubly tethered chromatographic ligands imposing rigidity
to the pendant triphenyl phosphonium selector. The H-bond
acceptor properties of the triphenyl-SAX-SP are comparable to
those of the triphenyl-SP (since it depends on the residual silanol
surface, which is similar in the two phases). On the triphenyl-
ZWIX-SP, the H-acceptor properties are significantly enhanced
due to sulfone and sulfonate moieties. The test for the H-donor
properties (kpyridine/kphenol) of the triphenyl-SAX-SP is affected
by superimposed repulsive electrostatic interactions between
the phosphonium moiety and the pyridine probe, perturbing
the assessment of the H-donor properties of the SP. On the
contrary, on triphenyl-ZWIX-SP, a cation-exchange process is
superimposed so that the H-donor test is actually additively
composed of the sumof retention increments fromH-donor inter-
actions and cation-exchange. The cation exchange test at pH 2.7
shows strong repulsive interactions between the phosphonium
moiety and benzylammonium probe of the Tanaka test on the
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FIGURE 6 Evaluation of the ion exchange characteristics of the triphenyl-SP, triphenyl-SAX-SP and triphenyl-ZWIX-SP at pH 3 and pH 7.5.

Chromatographic conditions: The mobile phase consisted of MeOH/aqueous ammonium phosphate buffer (20 mM, adjusted to pH 3 or pH 7.5) (30/70,

v/v), flow rate: 1 mL/min, temperature: 25◦C, injection volume: 5 µL.

triphenyl-SAX-SP, while a strong cation-exchange retention
mechanism is imposed on the triphenyl-ZWIX-SP due to sulfonic
acid moieties. At pH 7.6, the triphenyl-SAX-SP is close to its
pI (near the neutral net surface), and hence repulsive electro-
static interactions as well as, cation-exchange (with dissociated
silanols), become negligible. In contrast, on the triphenyl-ZWIX-
SP a strong cation exchange process gets activated at pH 7.6 for
benzylammonium as expected from the sulfonic acid groups.

In addition, the surface charge characteristics were investigated
chromatographically by another test mixture consisting of a
set of three different analytes with varying pKa values (acidic,
neutral, basic) that were applied at different mobile phase pH
values (pH 3 and 7.5). The results are illustrated in Figure 6 and
Table S3. Here, both triphenyl-SP (due to residual silanols) and
triphenyl-ZWIX-SP (due to sulfonic acid moieties) demonstrated
cation-exchange characteristics at both pH values. Thus, ben-
zylamine eluted last on both columns. The negatively charged
analyte p-toluenesulfonate eluted first on these two SPs due to
repulsive electrostatic interactions and interestingly prior to the
dead volume marker on the triphenyl-ZWIX-SP due to (partial)
ion-exclusion from the pores. In contrast, there was still retention
observed for the analyte on triphenyl-SP, most probably due to
the higher proportion of hydrophobic interactions (cf. ligand
densities; Table 1) and less accessible anionic interaction sites.
The triphenyl-SAX-SP, on the other hand, showed a different
behavior and exhibited anion-exchange properties, as expected.
Consequently, the elution order was reversed in comparison to
the two other triphenyl-modified SPs, and the anionic analyte
eluted last. However, its retention was dramatically reduced by
switching the pH from 3 to 7.5, which is quite common for silica-
based anion exchangers, indicating the immense influence of the
deprotonated silanols on the surface charge. According to the
determined ζ-potentials, even a reversal of the elution order could
be expected above pH 7.5. In this case, however, the net charge
does probably not correspond exactly to the chromatographically
accessible charged interaction sites at the surface, as the bulky
triphenyl groups might impede the penetration of the analytes
to the unmodified silica surface and therefore suppress direct
interactions with the deprotonated silanol groups. Instead, the
benzylammonium analyte is repelled from the surface by the

phosphonium moiety and elutes therefore before t0 with a slight
ion-exclusion effect.

3.6 Stationary Phase Classification via PCA

In order to classify the novel stationary phases within a set of
commercially available columns, standard HILIC and RPLC tests
were performed, and the resultant retention factors subjected
to PCA. Chromatographic conditions, data obtained, and the
surface chemistries of commercial columns are illustrated and
summarized in Figures S10–S13 and Table S4. The score plot is
depicted in Figure 7. Here, apparently, the latent variable PC1
encodes mostly for the hydrophobicity of the stationary phases
(which decreases from low to high PC1), whereas PC2 reflects
primarily the surface charge (net charge positive at low PC2
values and negative at high PC2).

As expected, amongst the new triphenyl phases, triphenyl-SP was
found to be the phase with the most pronounced hydrophobic
properties, which is underpinned by its close clustering to Synergi
Fusion-RP (which is a polar embedded C18 phase that offers
balanced polar and hydrophobic selectivity). This hydrophobic
character was reduced by the introduction of the ionic interaction
sites in triphenyl-SAX-SP and triphenyl-ZWIX-SP, which are
located on the PC1 scale between the classic alkyl phases (C4- and
C8-SP), which are more hydrophobic, and pure silica (SiOH-SP),
which is less hydrophobic. In terms of hydrophobicities, these two
mixed-mode phases are similar to those of Uptisphere MM3 (RP
phase with cationic endcapping; octyl/strong anion exchanger)
and Chiralpak QN-AX (chiral stationary phase with properties
resembling achiral RP/WAX columns). The zwitterionic mixed-
mode phase Obelisc R is a bit less hydrophobic. In terms of
surface charge, triphenyl-SP is located closely to C18-SP, which
illustrates the shielding effect of the bulky phenylmoieties similar
to the long octadecyl moieties. Due to the shielding, silanols
are less accessible for chromatographic interactions with the
analytes than it is the case for phases containing smaller ligands,
which cannot shield the silanols (cf. C4-SP). On the contrary,
triphenyl-SAX-SP and triphenyl-ZWIX-SP exhibited more dis-
tinctive surface charge characteristics. Thus, triphenyl-SAX-SP
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FIGURE 7 Score plot of principal component analysis (PCA) for column classification. The corresponding loading plot can be found in Figure S13.

showed a slightly positive surface charge, according to the PCA
score plot, similar to the zwitterionic mixed-mode phase Obelisc
N with a terminal positively charged group and an interior
negatively charged functional group embedded in the alkyl ligand
strand (see Figure S12) and the amino phase Uptisphere MM3
(octyl-SP with SAX endcapping). The zwitterionic mixed-mode
phase triphenyl-ZWIX-SP, on the other hand, is located between
the two sulfobetaine-type zwitterionic columns ZIC-HILIC and
Nucleodur HILIC in terms of PC2 (indicative of its negative
surface charge). In conclusion, the three prepared phenyl-phases
cover a broad range of hydrophobicity and surface charge, leading
to orthogonality of retention characteristics. This might make
the set of triphenyl-modified SPs a useful tool for a variety of
analytical separations.

3.7 Analysis of Glycopeptide Teicoplanin
Utilizing Triphenyl-Modified Stationary Phases

Teicoplanin is a multicomponent antibiotic drug and consists of
several glycopeptides varying in the attached fatty acid residue
(see Figure S14). Thus, they differ mainly in hydrophobicity.
Consequently, these different species are typically resolved by
reversed-phase chromatography [41, 42]. Accordingly, the two
synthesized classical RP phases (C4-SP and C18-SP) were utilized
as benchmarks for comparison. As it can be seen in Figure 8A, all
columnswere able to resolve at least three peaks. In this particular
application, it seems that the SPs with neutral hydrophobic
surface bonding (triphenyl-SP and C18-SP) are beneficial, as
the glycopeptide variants differ in the lipophilicity of the fatty
acyl side chains. The triphenyl-SP shows stronger retention
than the C18-SP and some minor differences in the selectivity

profile. The C4-SP does not have enough hydrophobicity to
sufficiently separate the different forms differing in fatty acyl
hydrophobicity and branching. In contrast, the other two triph-
enyl mixed-mode SPs offer additional electrostatic interactions.
Obviously, these additional interactions caused peak broadening
and an accompanying loss of resolution due to slow adsorption–
desorption–kinetics of ion-exchange processes. Since teicoplanin
offers an excess of negatively charged sites due to the carboxylic
acid function and the phenolic hydroxyl groups, repulsion on the
net negatively charged triphenyl-ZWIX-SP leads to faster elution
of the analytes than observed on the triphenyl-SP. In contrast,
the triphenyl-SAX-SP showed increased retention for the analytes
due to the embedded positively charged phosphonium moieties
leading to a superimposed anion exchange process. However, this
is not of benefit for the present application, as the macro- and
micro-variants do not differ in charge nor hydrophilicity. Conse-
quently, for this specific application, the triphenyl-SP has a clear
advantage over the triphenylmixed-mode SPs (triphenyl-SAX-SP,
triphenyl-ZWIX-SP).

3.8 Analysis of Small Interfering Ribonucleic
Acid Patisiran Utilizing Triphenyl-Modified
Stationary Phases

Patisiran is a small interfering ribonucleic acid (siRNA) that is
utilized for the medical treatment of hereditary transthyretin-
mediated amyloidosis. It consists of two partially complementary
single strands. The sense and the antisense strand are composed
of 21 nucleotides that are linked via phosphodiester bonds;
some of the 2′-hydroxyls are methylated (indicated with m,
see Figure S15). The two-nucleotide overhang consists of
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FIGURE 8 (A) Analysis of the biomolecules teicoplanin and (B) patisiran. The chemical structure of the biomolecules can be found in Figures S14

and S15. (A) Analysis of teicoplanin subspecies utilizing the set of triphenyl-modified SPs and comparative RP-SPs. Chromatographic conditions: Mobile

Phase A consisted of water containing 10 mM ammonium acetate (pH adjusted to pH 5.4), mobile Phase B consisted of mobile Phase A and acetonitrile

(5/95, v/v), flow rate: 1.0 mL/min, gradient time: 20min (10% B to 100% B) temperature: 30◦C, injection volume: 3 µL, detection: 210 nm. (B) Comparison

of patisiran sense and antisense strand analysis on the three triphenyl-modified SPs. Chromatographic conditions: Mobile Phase A consisted of water

containing 20 mM ammonium acetate, mobile Phase B consisted of mobile Phase A and methanol (90/10, v/v), flow rate: 0.6 mL/min, gradient time:

10 min (5% B to 20% B), temperature: 40◦C, injection volume: 5 µL, detection: 254 nm.

desoxyribose residues. For liquid chromatography of oligonu-
cleotides, ion-pairing reversed-phase liquid chromatography is
usually the technique of choice. However, there is a quest for
ion-pair-free RP or HILIC methods that prevent contamination
of the LC-MS system with ion-pairing agents [43–48].

In this study, ion-pair reagent-free reversed-phase chromatogra-
phy was carried out using 20 mM ammonium acetate buffer and
a methanol gradient for elution. As it is shown in Figure 8B, the
sense and antisense strands were well resolved on the triphenyl-
SP under these conditions. As can be seen from Figure S16, the
selectivity between sense and antisense strands is significantly
larger than in ion-pair RPLC with BEH C18. It can be assumed
that both hydrophobic and π─π-interactions contribute to the
separation of the two strands on the triphenyl-SP. In this context,
it should be mentioned that the separation was performed at
a column temperature (40◦C) close to the melting temperature
of patisiran (Tm,calc = 46.9◦C). Hence, both duplex and single
strands are visible. At temperatures significantly above Tm, the
duplex peak should disappear. The duplex species eluted earlier,
close to t0, since the nucleobases are mutually saturated by
intermolecular hydrogen bonding and base stacking and thus
shielded from interaction with the triphenyl-SP. Since there are
multiple negatively charged phosphate groups freely available in
the duplex siRNA, elution close to t0 might be driven by repulsive
electrostatic interactions with dissociated silanols. In sharp con-
trast, ionic interactions play a decisive role in the retention and
elution of patisiran on the other two triphenyl-modified phases.
Since the sugar-phosphate backbones of the siRNA strands offer
negatively charged interaction sites, strong retention occurred on
the positively charged triphenyl-SAX-SP in accordance with an
anion-exchange process, andno elutionwas observedwith typical
RP conditions due to the multiply negatively charged analyte and
a weak elution strength of themobile phase (low ionic strength of
20 mM ammonium acetate). However, in anion-exchange mode
with gradient elution using 1 M NaCl, the patisiran single and
duplex strands (injected as single component standards) could
be eluted and were well separated (Figure S17A). In contrast,
there was no retention observed on the zwitterionic triphenyl-
ZWIX-SP, which possesses an overall negative net charge due

to the excess of negatively charged sulfonate groups, and hence
electrostatic repulsion leads to fast elution, even faster than
the elution of the duplex species on triphenyl-SP. These results
suggest that a fine-tuning of themobile phase or of the proportion
of negatively and positively charged sites on the triphenyl-SPs
can lead to a very useful stationary phase for charged analytes
with combined adsorptive and repulsive interaction sites offering
complementary selectivities.

4 Concluding Remarks

In this work, the preparation of a new set of triphenyl-modified
stationary phases, partially embedded with ion-exchange prop-
erties leading to mixed-mode RP/ion-exchange phases, for high-
performance liquid chromatography was reported. For this pur-
pose, thiol-silica was utilized as a carrier and further decorated
with triphenyl-ligands by thiol-ene/yne click immobilization
reaction. Herein, also an innovative strategy utilizing silatrane
chemistry for the synthesis of the thiol-silica was applied. Thus,
thiol-silica with a great amount of trifunctional siloxane-bonded
ligands was obtained, and the accessibility of the sulfhydryl
groups was preserved. Chromatographic tests indicated the
increased shielding of silanols due to the introduction of a
dense polysiloxane layer and bulky triphenyl moieties. The
PCA illustrated the similarities and orthogonality to commer-
cially available columns. Additionally, ζ-potential determinations
exhibited the differences in pH-dependent surface charges of the
prepared phases. Finally, the prepared columns were applied for
liquid chromatography analysis of the biomolecules teicoplanin
and patisiran. These analyses showed that there is still fine-
tuning of chromatographic conditions and charge properties of
the phases needed. However, the concept seems to be promising,
and further investigation will be part of future studies.
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PART I: Synthesis of (3-mercaptopropyl)silatrane 

Fig. S1. Synthesis of (3-mercaptopropyl)silatrane. The condensation reaction 

between (3-mercaptopropyl)trimethoxysilane and triethanolamine results in the 

formation of (3-mercaptopropyl)silatrane. Synthesis procedure: Initially, 0.1 mol (3-

mercaptopropyl)trimethoxysilane and 0.1 mol triethanolamine were carefully 

weighed into a round bottom flask (250 mL). After adding 20 mL methanol and 2 

mL methanolic sodium hydroxide solution (2 mg/mL) to the solution the flask was 

attached to a rotary evaporator and the solvent was slowly evaporated at 40 °C. 

Thereafter, the reaction was heated up to 60 °C and allowed to react for 12 h. 

Meanwhile, the methanol formed in the condensation reaction was steadily 

evaporated. Lastly, the obtained white product was recrystallized from hexane in 

order to give pure (3-mercaptopropyl)silatrane (MPS). The yield was 91 % and 

synthesis control was carried out by nuclear magnetic resonance (NMR) analysis 

revealing a product purity of 99 % according to 1H-NMR data. The corresponding 

NMR spectra are depicted in Fig. S2. 

O Si
OO

N

O Si
OO

N
OHHO

OH

+
OH

-

SH
SH

MPS
triethanolamine

(3-mercaptopropyl)-
triemthoxysilane



274 | CHAPTER EIGHT: PUBLICATION VII 

Design, Preparation and Characterization of Stationary Phases for High Performance Liquid 
Chromatography and their Application in Pharmaceutical and Bioanalytical Analysis 

Fig. S2. NMR spectra of (3-mercaptopropyl)silatrane. A: 1H NMR spectrum ((Jt 

[Hz]), CDCl3, 400 MHz): δ 0.44-0.48 ppm (m, 2H), 1.31 ppm (t, Jt = 7.90 Hz, 1H), 

1.69 ppm (quintet, Jt = 7.88 Hz, 2H), 2.78 ppm (t, Jt = 5.82 Hz, 6H) , 3.74 ppm (t, 

Jt = 5.82 Hz, 6H); B: 13C NMR (CDCl3, 100.6 MHz): δ 15.95 ppm (1 C), 28.58 ppm 

(1 C), 30.68 ppm (1 C), 51.32 ppm (3 C), 57.95 ppm (3 C). NMR spectra were 

calibrated to the solvent peaks with δ(1H) = 7.24 ppm and δ(13C) = 77.23 ppm. 
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PART II: Synthesis of modified silica particles and column packing 

Fig. S3. Reaction scheme for the preparation of C4-SP (A) and C18-SP (B). 

Synthesis procedure: Initially, 0.5 g bare silica particles, n-butyltrimethoxysilane (6 

µmol/m2) or n-octadecyltrimethoxysilane (6 µmol/m2), respectively, and DMAP (0.3 

µmol/m2) were dispersed in 20 mL anhydrous toluene within a triple neck flask 

equipped with a reflux condenser, a mechanical stirrer and a nitrogen supply. Then, 

the suspension was heated up to reflux and the reaction was allowed to proceed 

for 17 h under continuous nitrogen rinsing and stirring. Thereafter, the silica was 

washed three times with boiling methanol and boiling toluene each using a glass 

funnel of porosity 5 and dried in a vacuum chamber at 60 °C for 12 h. 

Fig. S4. Reaction schemes for the preparation of SH-SP (A), Triphenyl-SP (B), 

Triphenyl-SAX-SP (C) and Triphenl-ZWIX-SP (D). Synthesis procedures can be 

found in the main document. 
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Fig. S5. Initial mechanism of silanol-catalyzed silica surface modification using (3-

mercaptopropyl)silatrane. Due to the transannular donor-acceptor N→Si bond of 

the silatrane, the silatrane´s silicon atom is not prone to nucleophilic attacks, since 

it remains less polarized [1]. Nevertheless, the reactivity of the silatrane bumps up 

in acidic environments (such as silica surfaces) due to its oxygen atoms´ proton 

affinity (which is higher than for its nitrogen atom due to kinetic reasons [2]). By this 

means the formation of polarized hydrogen-bond complexes between the reactive 

acidic silanol groups on the silica surface and the Si-O bond of the silatrane 

becomes feasible making its linking to the surface in a concerted nucleophilic 

substitution reaction subsequently happen. During this reaction, the oxygen of the 

silatrane can also become protonated, making the silicon atom of the silatrane also 

susceptible to the subsequent nucleophilic attack of the silanol groups. However, 

both processes lead to the same outcome [3]. 

Fig. S6. Surface chemistries of silatrane-modified silica. There are two possibilities 

conceivable for the linkage of the silanization agents on the silica surface: brush-

type trifunctional siloxane bonding (A) and polymeric siloxane bonding (B). 
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Fig. S7. General scheme of the in-house performed column packing procedure. 

The column packing procedure for analytical HPLC columns is a critical step in the 

preparation of analytical stationary phases. For the presented study, the prepared 

stationary phases were slurry packed into empty stainless-steel columns (50 mm x 

3 mm) applying a pressure of 500 bar for 1 h. Beforehand, the slurry was prepared 

by suspending 250 mg silica in 5 mL 2-propanol. Methanol was used as pushing 

solvent. In the end, the column was rinsed for 24 h with methanol at a flow rate of 

0.2 mL/min. 
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PART III: Chromatographic tests and stationary phase 
classification 

Table S1. Chromatographic conditions of the Tanaka test for RP phases [4]. The 

hydrophobicity (test A) depends on the carbon load and surface area. It reflects the 

hydrophobic retention and surface area of the column. The methylene selectivity 

(test B) describes the ability of the stationary phase to discriminate analytes that 

differ in one methyl unit. The shape selectivity (test C) accounts for the capacity of 

a stationary phase to discriminate compounds of identical elemental composition 

but different three dimensional structure. Hydrogen bonding capacity (test D and E) 

depends on the amount of available silanol groups present on the phase and 

reflects the H-bonding capacity of a column. Ion exchange capacity at pH >7 (test 

F) reflects electrostatic attraction on the column, since at this pH most silanols

possess a negative charge while benzylamine is positively charged. Ion exchange

capacity at pH <3 (test G) reflects the number of acidic silanol groups on the column,

since at this pH silanols are predominantly uncharged while benzylamine is

protonated.
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Fig. S8. Normalized radar plots obtained from Tanaka test. A: Comparison of the 

non-polar SPs (RP-type) C4-SP, C18-SP, SH-SP and Triphenyl-SP. B: Comparison 

of the three triphenyl-modified SPs Triphenyl-SP, Triphenyl-SAX-SP and Triphenyl-

ZWIX-SP. In contrast to SH-, C4- and C18-SP, Triphenyl-SP exhibits less cation 

exchange properties at pH 7.6. This might indicate the efficient shielding of free 

silanol groups on the silica surface due to bulky phenyl groups diminishing the 

interaction between the silanols and the analytes. 
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Fig. S9. Analytes applied in Tanaka test. 

Table S2. Results of Tanka test. 

Table S3. Chromatographic data obtained from ion-exchange test. The separation 

of benzylamine, phenol and p-toluenesulfonic acid on Triphenyl-SP, Triphenyl-SAX-

SP and Triphenyl-ZWIX-SP was investigated. Chromatographic conditions: Mobile 

phase consisted of MeOH/aqueous ammonium phosphate buffer (20 mM, adjusted 

to pH 3 or pH 7.5) (30/70, v/v), flow rate: 1 mL/min, temperature: 25 °C, injection 

volume: 5 µL. 

k(benzylamine) k(phenol) k(p-toluenesulfonate) 
pH 3 pH 7.5 pH 3 pH 7.5 pH 3 pH 7.5 

Triphenyl-SP 0.97 1.25 0.70 0.93 0.45 0.19

Triphenyl-SAX-SP before t0 0.03 0.37 0.43 42.92 3.53 

Triphenyl-ZWIX-SP 3.08 3.87 0.08 0.08 before t0 before t0 
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Fig. S10. Chromatograms obtained from RP test (A) and analytes applied (B). A 

mixture of ACN and water (40:60, v/v) containing 50 mM acetic acid was used as 

mobile phase. The pH of the mobile phase was adjusted to 6 utilizing ammonia. 

The linear flow velocity was set to 1.7 mm/s and detection was carried out at 220 

nm. The injection volume was amounted to 2 µL and the temperature set to 25 °C. 

The analytes were all dissolved in the mobile phase reaching a concentration of 0.8 

mg/mL. Uracil was used as void volume marker. 
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Fig. S11. Analytes applied for the HILIC tests. The chromatographic performance 

under HILIC conditions was investigated by the separation of xanthines (caffeine, 

theobromine, theophylline), nucleosides (adenosine, cytidine, guanosine, 

thymidine, uridine) and vitamins (nicotinic acid, pyridoxine, riboflavin, thiamine, 

ascorbic acid). The mobile phases consisted of ACN and water. The mixing ratio 

was 95:5 (v/v) for the xanthines and 90:10 (v/v) for the vitamins and nucleosides. 

Both mobile phases contained 5 mM ammonium acetate and showed an unadjusted 

apparent pH of 8 (measured in the hydro-organic mixture). The flow rate was 

calculated to the corresponding linear velocity of 1.7 mm/s. The void volume was 

determined by toluene.  
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Table S4. Retention factors obtained from RPLC and HILIC test. The retention 

factors listed for in-house prepared and commercial columns were used for PCA. 

Data of commercial columns were partially taken from [5] and [6]. 
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Fig. S12. Surface chemistries of commercial columns. In-house prepared columns 

C4-SP, C18-SP, SH-SP, Triphenyl-SP, Triphenyl-SAX-SP, Triphenyl-ZWIX-SP 

were compared to commercial columns based on the results from standard RP and 

HILIC tests via principal component analysis. 
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Fig. S13. Loadings scatter plot of principal component analysis: p1 vs. p2. p1 is the 

loading in the first component and p2 the loading in the second component. The 

loadings express the dominating correlation structure of the X matrix. Hence, p1 vs. 

p2 displays how the X-variables correlate to each other. The plot shows how the X-

variables vary in relation to each other, which ones provide similar information, 

which ones are negatively correlated, or not related to each other, and which ones 

are not well explained by the model (p1 and p2 close to 0). 
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Fig. S14. Chemical structure of teicoplanin. Teicoplanin is a multicomponent 

antibiotic drug and consists of several glycopeptides varying in the attached fatty 

acid residue. [7] 

Fig. S15. Chemical structure of patisiran (ss: sense strand, antisense strand, dT: 

deoxythymidine, G: guanosine, C: cytidine, U: uridine, A, m: methylated). [8] 
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Fig. S16. Analysis of Patisiran (siRNA) strand and antisense strand. A: Analysis 

using in-house prepared Triphenyl-SP (50 x 3.0 mm, 3 µm, 300 Å). 

Chromatographic conditions: mobile phase A: aqueous 20 mM ammonium acetate, 

pH 6.8, mobile phase B: MeOH/water (9:1; v/v), containing 20 mM ammonium 

acetate, pH 6.8, gradient: 5% to 20% B in 10 min, temperature: 40 °C flow rate: 0.6 

mL/min. B: Analysis using commercial BEH C18 column (50 x 2.1 mm, 1.7 µm, 130 

Å,). Chromatographic conditions: mobile phase A: aqueous 100 mM 

tripropylammonium acetate, pH 7, mobile phase B: ACN/water (9:1; v/v), containing 

100 mM tripropylammonium acetate , pH 7, gradient: 10 to 55% B in 32.5 min, 

temperature: 30 °C, flow rate: 0.3 mL/min. 
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Fig. S17. Analysis of Patisiran (sense strand, antisense strand and duplex). A: 

Analysis using in-house prepared Triphenyl-SAX-SP (50 x 3.0 mm, 3 µm, 300 Å). 

Chromatographic conditions: mobile phase A: ACN/water (1:9; v/v), containing 20 

mM phosphate buffer, pH 7, mobile phase B: ACN/water (1:9; v/v), containing 20 

mM phosphate buffer and 1 M NaCl, pH 8; gradient: 0% to 50% B in 5 min; 50% to 

100% B in 10 min, 100% B for 3 min, 0% B for 8 min, temperature: 50° C, flow rate: 

1 mL/min. B: Analysis using in-house prepred Triphenyl-ZWIX-SP (50 x 3.0 mm, 3 

µm, 300 Å). Chromatographic conditions: same as in A.  
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VII. Concluding remarks

This thesis reported on the design, preparation and characterization of novel 

stationary phases based on the modification of silica particles and their application 

in high-performance liquid chromatography. Although other innovative alternatives 

such as three-dimensional printing of columns are being investigated nowadays, 

silica particles remain the most important and widely used stationary phase support. 

This is mainly due to their high mechanical strength, broad solvent compatibility, 

availability of distinct and customizable morphologies, and ease of modification. 

These advantages outweigh some disadvantages in terms of chemical stability of 

silica and limitations in kinetic performance of particle-packed columns. Also, some 

developments in particle design and the introduction of hybrid-materials have 

reduced these disadvantages to an acceptable level. In this thesis, stationary 

phases were prepared by classical silanization reactions using alkoxysilanes, by 

innovative silanization reactions with silatranes, and by modification reactions 

employing polymer coating strategies. The modification with silatranes was found 

to be clearly superior to the classical procedure with alkoxysilanes. The 

immobilization of polymers has resulted in highly stable platform silica for further 

modifications. Thermal or photo-initiated radical addition reactions, amine-epoxy 

reactions and oxidation reactions were applied for further modification of 

functionalized silica particles. As a result, stationary phases with improved chemical 

stability, novel surface chemistries and selectivities have been synthesized that are 

applicable to a variety of chromatographic modes and analytical issues. The 

stationary phases have been intensively characterized using various techniques 

such as elemental analysis, cross-polarization / magic angle nuclear magnetic 

resonance spectroscopy and ζ-potential measurements. In addition, the stationary 

phases were investigated under different chromatographic conditions and 

compared with commercial columns employing principal component analysis. This 

revealed similarities and orthogonalities among the stationary phases. Overall, the 

usefulness of silica particles as stationary phase support, the scope for 

improvement in synthesis procedures, and the opportunities associated with the 

design of surface chemistries were demonstrated. 
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