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I. Zusammenfassung 

Die vorliegende Arbeit beschäftigt sich mit den Einflüssen der mobilen Phase auf die Retention 

und Selektivität von Analyten in der Umkehrphasenchromatographie (RPLC, reversed-phase 

liquid chromatography), der wichtigsten Untermethode der Hochleistungsflüssigkeits-

chromatographie (HPLC, high-performance liquid chromatography). In der RPLC werden 

apolar modifizierte stationäre Phasen und polare mobile Phasen, bestehend aus einem Gemisch 

aus Wasser (W) und einem organischen Lösungsmittel (OS, organic solvent) wie Acetonitril 

(ACN) oder Methanol (MeOH) verwendet, um mäßig polare bis unpolare Analyten 

voneinander zu trennen. Die Retention der Analyten kann dabei durch die Elutionsstärke der 

mobilen Phase gesteuert werden, die vom OS-Typ und -Anteil beeinflusst wird. Obwohl RPLC 

seit vielen Jahren erfolgreich eingesetzt wird, sind die physikochemischen Grundlagen der 

Elutionsstärke sowie die genauen Auswirkungen der mobilen Phase auf Trennungen noch 

immer nicht vollständig verstanden. Viele der Prozesse die entscheidend für die Retention sind, 

finden auf der molekularen Ebene statt und sind durch Experimente nur schwer zugänglich. 

Molekulardynamische (MD, molecular dynamics) Simulationen erlauben hier die direkte 

Untersuchung der chromatographischen Grenzfläche, wodurch der Einfluss der mobilen Phase 

auf die Retention gezielt analysiert werden kann. In dieser Arbeit werden MD-Simulationen 

einer RPLC-Modellmesopore, gefüllt mit WïMeOH- und WïACN-Mischungen, durchgeführt. 

Dabei wird untersucht, wie die mobile Phase die Struktur und Eigenschaften der 

chromatographischen Grenzfläche beeinflusst und welche Auswirkungen dies auf die Analyten 

hat. Das Ziel dabei ist es, die molekularen Mechanismen zu identifizieren, durch die die mobile 

Phase die Retention und Selektivität in der RPLC beeinflusst und zu untersuchen, wie 

Analytretention und Diffusion den Massentransport durch einen rekonstruierten 

Silicamonolithen beeinflusst. 

Im ersten Kapitel wird die Mobilität von sechs unpolaren bis mäßig polaren aromatischen 

Analyten (Naphthalin, Ethylbenzol, Benzol, Acetophenon, Benzylalkohol und Phenol) in einer 

RPLC-Modellschlitzpore untersucht. Zusätzlich werden OS-Oberflächenüberschuss-

adsorptionsisothermen von MeOH und ACN an der chromatographischen Grenzfläche in Wï

MeOH- und WïACN-Mischungen analysiert. Dafür werden Systeme mit 2/98 bis 99/1 (v/v) 

W/OS in einer 10 nm breiten Silicaschlitzpore mit einer Dimethyl-n-octadecylsilyl (C18)-

Oberflächenmodifizierung mittels MD-Simulationen untersucht. Der Verlauf experimenteller 

Oberflächenüberschussadsorptionsisothermen, gemessen an einer typischen C18-Säule, kann 

mit Hilfe der Simulationen reproduziert werden. Mobile Phasen mit ACN als OS erzeugen 

dabei generell mehr OS-Oberflächenüberschuss bei äquivalenten Mol-Anteilen als Phasen mit 

MeOH. Die OS-Anreicherung in der Grenzregion zwischen mobiler und stationärer Phase ist 

dabei der Hauptverursacher für die Oberflächenadsorption des OS. Dabei sorgt die erhöhte 

Affinität von MeOH für die Bildung von Wasserstoffbrücken (HB, hydrogen bonds) mit W für 

einen erhöhten W-Anteil in der chromatographischen Grenzfläche und erklärt die geringere 

Oberflächenadsorption von MeOH. Die HB-Eigenschaften des OS erweisen sich damit als die 

relevanten Größen, um die OS-Adsorptionsisothermen in der RPLC zu erklären. Neben der 

Oberflächenadsorption wird auch die Oberflächendiffusion untersucht, bei der Analyten eine 

erhöhte Diffusion in der Grenzregion zwischen gebundener Phase und mobiler Phase 
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aufweisen. Der beobachtete Mobilitätsgewinn der Analyten sinkt dabei mit steigendem OS-

Anteil in der mobilen Phase. Der Überschuss an OS in der Grenzregion verringert die Viskosität 

und erleichtert damit die Diffusion der Analyten. Der Kontakt mit flexiblen Kettenenden erhöht 

die Mobilität der Analyten zusätzlich. Insgesamt ist der höchste Mobilitätsgewinn für die 

unpolaren Analyten beobachtbar, wobei die Mobilität am stärksten in WïMeOH-Mischungen 

erhöht ist. Die polaren Analyten weisen aufgrund von HBs mit W und OS geringere Mobilitäten 

und einen geringeren Mobilitätsgewinn auf. Die Daten in diesem Kapitel zeigen, wie die 

Auswahl des OS und dessen HB-Eigenschaften bedeutend für die Ausbildung der 

chromatographischen Grenzregion und deren Eigenschaften ist. 

Im zweiten Kapitel werden die sechs im ersten Kapitel eingeführten Analyten und zwei 

Totzeitmarker (Aceton und Uracil) in WïMeOH und WïACN-Bulkphasen mit OS-Anteilen 

zwischen 2 und 99 vol % untersucht. Dabei werden MD-Simulationen verwendet, um das 

Solvatationsverhalten der Soluten und die daraus resultierenden Einflüsse auf die 

Analytretention zu analysieren. Räumliche Verteilungsfunktionen zeigen, dass die untersuchten 

Soluten eine anisotropische Lösungsmittelumgebung aufweisen, bei der die hydrophoben 

Gruppen vorzugsweise von OS und die hydrophilen Gruppen vorzugsweise von W solvatisiert 

werden. Die quantitative Beschreibung der Solvatationsumgebung mittels der präferierten 

Solvatation ‏ȟ , berechnet aus Kirkwood-Buff Integralen, zeigt, dass die Totzeitmarker Werte 

nahe bei null aufweisen und dass sich die Analyten durch ihre deutliche präferierte Solvatation 

durch OS von den Totzeitmarkern abgrenzen lassen.  Durch die niedrigere Affinität von ACN, 

welches sich an hydrophoben Oberflächen und Strukturelementen aufhält, WïOS HBs 

auszubilden, ist die präferierte Solvatisierung durch OS in WïACN-Phasen stärker ausgeprägt 

als in WïMeOH-Phasen. Der erhöhte OS-Anteil in der Umgebung der Soluten und die damit 

günstigere Solvatationsumgebung liefert Aufschlüsse über die stärkere Elutionswirkung von 

ACN im Vergleich zu MeOH. Das Verhältnis zwischen der Anzahl an hydrophoben Gruppen 

eines Soluten und der Anzahl der in 2 vol % OS ausgebildeten HBs erlaubt erste Rückschlüsse 

auf die Retentionsreihenfolge der Analyten und gibt die experimentell beobachtete Reihenfolge 

gut wieder. Hydrophobe Gruppen erweisen sich hiermit als ein Maß für retentive 

Wechselwirkungen, wohingegen die Anzahl an HBs ein Maß dafür ist, inwiefern der Solut W 

in seiner Umgebung benötigt.  

Im dritten Kapitel wird Benzol als strukturell einfachster Analyt in WïACN- und WïMeOH-

Mischungen im Bereich von 10 bis 90 vol % OS in der RPLC-Schlitzpore aus Kapitel 1 

simuliert. Dabei werden die Solvatisierung der gebundenen Phase und die daraus resultierenden 

Konformationsänderungen der gebundenen Phase und die Einflüsse auf die Retention von 

Benzol untersucht. Mit steigender Elutionsstärke der mobilen Phase wird die OS-Dichte in der 

stationären Phase erhöht und gleichzeitig die W-Dichte in der Grenzflächenregion erniedrigt 

und in Richtung Bulkregion verschoben. Dies verursacht eine Umverteilung der C18-Dichte und 

Benzoldichte in Richtung des Bulklösungsmittels. Die Verschiebung der C18-Dichte wird dabei 

von mehreren Konformationsänderungen der C18-Ketten begleitet, wobei die Anzahl an parallel 

zur Silicaoberfläche liegenden Ketten abnimmt und die Ketten eine allgemein gestrecktere 

Konformation aufweisen. Die Dichteprofile von Benzol weisen zwei Peaks in der stationären 

Phase auf, den Verteilungspeak tief in den Ketten und den Adsorptionspeak in der 
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chromatographischen Grenzregion. Durch den Rückzug von W-Dichte aus der 

chromatographischen Grenzregion mit steigender Elutionsstärke wird die Benzoldichte aus 

dem Verteilungspeak in den Adsorptionspeak verschoben und der Adsorptionspeak wird leicht 

in Richtung der Bulkregion verlagert. Räumliche Verteilungsfunktionen zeigen hierbei, dass 

durch die Verschiebung der Benzoldichte in Richtung der Bulkregion, die durchschnittliche 

Anzahl an Kontakten mit der gebundenen Phase abnimmt, während die Anzahl an Kontakten 

mit Lösungsmittelmolekülen zunimmt. In WïMeOH-Systemen ist die W-Dichte in der 

Grenzregion höher als in WïACN-Systemen, und Benzol muss sich tiefer in der gebundenen 

Phase aufhalten, um W in der Grenzregion auszuweichen. Dies erhöht die durchschnittliche 

Anzahl an Benzolkontakten mit der gebundenen Phase. Die durchschnittliche Anzahl an 

Benzolkontakten mit der gebundenen Phase steht damit im Zusammenhang mit der Retention 

und spiegelt die erhöhte Retention in WïMeOH-Systemen wider. Dies zeigt, dass die 

allgemeinen Effekte, die die Retention beeinflussen, durch die Reaktion der Analyten und der 

chromatographischen Grenzfläche auf die W-Dichte erklärt werden können, die wiederrum von 

den Eigenschaften des OS abhängt. 

Im vierten Kapitel werden die solutspezifischen Effekte untersucht, die die Analytretention auf 

molekularer Ebene beeinflussen und steuern. Dazu werden die sechs Analyten aus dem ersten 

Kapitel im bereits etablierten RPLC-Schlitzporenmodell in WïMeOH- und WïACN-

Mischungen mit einem OS-Anteil zwischen 10 und 90 Volumenprozent mittels MD-

Simulationen untersucht. Die experimentell beobachtete Retentionsreihenfolge der sechs 

Analyten kann mit Hilfe der über die stationäre Phase gemittelten Kontakte mit der gebundenen 

Phase gut wiedergegeben werden. Die Retention nimmt dabei mit sinkender Anzahl an 

Kontakten mit der gebundenen Phase ab und Analyten mit mehr Kontakten mit der gebundenen 

Phase eluieren allgemein später. Die Anzahl der Kontakte hängt dabei von der Penetrationstiefe 

der Analyten in die stationäre Phase sowie von der Anzahl an hydrophoben Gruppen ab. Die 

Vermeidung von W durch die hydrophoben Gruppen drückt die Analyten tiefer in die stationäre 

Phase, jedoch nur so weit, wie es die Analytanforderungen an HBs mit dem Lösungsmittel 

zulassen. Somit befindet sich der Großteil der Dichte der polaren Analyten im Adsorptionspeak 

in der stationären Phase, wodurch die polaren Analyten allgemein eine geringere 

durchschnittliche Anzahl an Kontakten mit der gebundenen Phase aufweisen. Die apolaren 

Analyten hingegen weisen deutlich mehr Analytdichte im Verteilungspeak auf und die 

durchschnittliche Anzahl an Kontakten mit der gebundenen Phase in der stationären Phase ist 

somit höher. Durch den Wechsel des OS besitzt die mobile Phase andere HB-Eigenschaften 

und die Solvatation der gebundenen Phase ändert sich. Dadurch können in Trennungen andere 

Selektivitäten erzielt werden, wie es beispielsweise beim BenzylalkoholïPhenol Paar in Wï

MeOH- und WïACN-Mischungen beobachtbar ist. Da die Analyten als HB-Akzeptor und 

Donator variierende Anforderungen an ihre HB-Partner haben, reagieren sie unterschiedlich auf 

den Wechsel des OS, wodurch andere Selektivitäten erzielt werden können. Unterschiede in 

Analytselektivitäten können damit durch die solutspezifischen Reaktionen auf die durch die 

mobile Phase hervorgerufenen Änderungen in der Solvatation der stationären Phase erklärt 

werden. 
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Im fünften Kapitel wird der Massentransport der sechs Analyten in einem rekonstruierten 

Silicamonolithen mit hierarchischer Porenstruktur untersucht und wie dieser durch die 

Eigenschaften der Analyten und der mobilen Phase beeinflusst wird. Dafür werden die 

Mesoporen- und Festbettdiffusionskoeffizienten der sechs Analyten mittels 

Multiskalensimulationen ermittelt. Die physikalischen Rekonstruktionen des Mesoporenraums 

basieren dabei auf Messungen eines Rastertransmissionselektronenmikroskops und die des 

Makroporenraums basieren auf Konfokalmikroskopiemessungen. Die Diffusions- und 

Dichteprofile der Analyten werden in vereinfachter Form in drei Mesoporennetzwerke mit 

durchschnittlichen Porendurchmessern dmeso von 12.3, 21.3 und 25.7 nm eingebettet, um mittels 

Brownschen Dynamik (BD, brownian dynamics) Simulationen die effektiven 

Mesoporendiffusionskoeffizienten Dmeso zu ermitteln. Dmeso erhöht sich dabei mit steigendem 

OS-Anteil sowie mit steigender Analytpolarität. Dies lässt sich durch die Verringerung von 

dmeso mit einhergehender Erniedrigung des verfügbaren Bulkvolumens ausgleichen. Die 

Auswirkungen von dmeso auf Dmeso sind damit mit denen der Analytpolarität und der 

Elutionsstärke der mobilen Phase vergleichbar. Die erhaltenen Dmeso-Werte werden in ein 

rekonstruiertes Makroporennetzwerk übertragen, um anschließend die effektiven 

Bettdiffusivitäten Dbed mittels BD-Simulationen zu erhalten. Die Dbed-Werte sind dabei durch 

die Analytretention und nicht durch morphologische Eigenschaften des Porenraums limitiert. 

Durch stärkere Analytretention wird der Massentransfer zwischen den Meso- und Makroporen 

verlangsamt, wodurch Dbed sinkt. Durch die Verknüpfung von Dbed mit dem phasenbasierten 

Retentionsfaktor wird der B-Term der Bodenhöhengleichung bestimmt. Zusätzlich zur 

bekannten Abnahme des B-Terms mit steigender Fließgeschwindigkeit der mobilen Phase wird 

bei der Auftragung des B-Terms gegen den OS-Anteil der mobilen Phase ein U-förmiger 

Verlauf beobachtet. Der B-Term wird bei einem niedrigem OS-Anteil und einhergehender 

hoher Retention durch den Retentionsfaktor und bei einem hohem OS-Anteil und niedriger 

Retention durch Dbed dominiert. 
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II.  Abstract 

This work deals with the influence of the mobile phase on the retention and selectivity of 

analytes in reversed-phase liquid chromatography (RPLC), the most important mode of high-

performance liquid chromatography (HPLC). In RPLC, apolar modified stationary phases and 

polar mobile phases consisting of a mixture of water (W) and an organic solvent (OS) such as 

acetonitrile (ACN) or methanol (MeOH) are used to separate moderately polar to apolar 

analytes. Retention of analytes can be controlled by the elution strength of the mobile phase, 

which is influenced by the OS type and fraction. Although RPLC has been used successfully 

for many years, the physicochemical principles of the elution strength and the exact effects of 

the mobile phase on separations are still not fully understood. Many of the processes that are 

crucial for retention take place at the molecular level and are difficult to access through 

experiments. Molecular dynamics (MD) simulations allow the direct investigation of the 

chromatographic interface, enabling the systematic examination of the influence of the mobile 

phase on retention. In this work, MD simulations of an RPLC model mesopore filled with Wï

MeOH and WïACN mixtures are carried out to investigate the influence of the mobile phase 

on the structure and properties of the chromatographic interface and how these changes affect 

the analytes. The aim is to identify the molecular mechanisms by which the mobile phase 

influences analyte retention and selectivity in RPLC and to determine how analyte retention 

and surface diffusion affect mass transport in a reconstructed silica monolith. 

The first chapter examines how six apolar to moderately polar aromatic analytes (naphthalene, 

ethylbenzene, benzene, acetophenone, benzyl alcohol, and phenol) behave in terms of their 

mobility in an RPLC slit-pore model. In addition, OS surface excess adsorption isotherms of 

MeOH and ACN in WïMeOH and WïACN mixtures are investigated. For this purpose, MD 

simulations are used to examine a 10 nm wide silica slit pore with a dimethyl-n-octadecylsilyl 

(C18) surface modification containing between 2/98 and 99/1 (v/v) W/OS. The shape of the 

experimental surface excess adsorption isotherms, measured for a typical C18 column, can be 

reproduced with help of the simulations. Mobile phases with ACN as OS generally generate 

more OS surface excess at equivalent mole fractions than phases with MeOH. The OS 

enrichment in the interface region between the mobile and stationary phase is the main cause 

of OS surface excess. The increased affinity of MeOH for the formation of hydrogen bonds 

(HB) with W results in an increased W content in the chromatographic interface and explains 

the lower surface adsorption of MeOH.  Thus, the HB properties of the OS prove to be the 

deciding parameters for the explanation of OS adsorption isotherms in RPLC. Besides surface 

adsorption, surface diffusion is also investigated, in which analytes exhibit increased diffusion 

in the interface region between the bonded and mobile phase. The observed mobility gain of 

analytes decreases with increasing OS content in the mobile phase. Excess of OS in the interface 

region reduces viscosity and thus facilitates analyte diffusion. A further increase in analyte 

mobility can be achieved through contacts with flexible chain ends. The highest mobility gain 

is observed for apolar analytes, particularly in WïMeOH mixtures. Overall, polar solutes show 

a lower diffusivity and mobility gain due to the formation of HBs with solvent molecules of the 

mobile phase. The data in this chapter shows how the selection of the OS and its HB properties 

is significant for the formation of the chromatographic interface and its properties. 
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In the second chapter, the six analytes introduced in the first chapter and two additional dead 

time markers (acetone and uracil) are investigated in WïMeOH and WïACN bulk mixtures 

with OS fractions between 2 and 99 vol %. MD simulations are used to investigate the solvation 

behavior of the solutes and the resulting influences on analyte retention. Spatial distribution 

functions show that the solutes exhibit an anisotropic solvation environment, where 

hydrophobic groups are preferably solvated by OS and hydrophilic groups are preferably 

solvated by W. The quantitative description of the solvation environment using the limiting 

linear preferential solvation ‏ȟ , calculated from KirkwoodïBuff integrals, shows that the 

dead time markers have values close to zero and that the analytes can be distinguished from 

them by their clear preferential solvation by OS. The preferential solvation of hydrophobic 

structural elements and surfaces by OS in WïACN phases is more pronounced than in Wï

MeOH phases, due to the lower affinity of ACN to form WïOS HBs. The increased OS content 

in the solute environment and the therefore more favorable solvation environment can provide 

insights into the stronger elution strength of ACN compared to MeOH. The ratio of the number 

of hydrophobic groups to the number of HBs, which a solute forms in 2 vol % OS, gives a first 

indication of the retention order of analytes and reproduces the experimentally observed 

retention order to a good degree. Hydrophobic groups emerge as a measure of retentive 

interactions, whereas the number of HBs estimates the extent to which a solute needs contact 

with W molecules. 

In the third chapter, benzene as the structurally simplest analyte is simulated in WïACN and 

WïMeOH mixtures at volume contents ranging from 10 to 90 vol % OS in the RPLC slit-pore 

from the first chapter. In this chapter, the solvation of the bonded phase and the resulting effects 

on its conformation and the retention of benzene are investigated. With increasing elution 

strength of the mobile phase, the OS density in the stationary phase increases and W density in 

the interface regions decreases and is shifted towards the bulk region. This leads to a 

redistribution of the C18 and analyte density towards the bulk region. The shift in C18 density is 

accompanied by several conformational changes in the C18 chains, whereby the number of 

chains lying parallel to the silica surface decreases and the chains generally exhibit a more 

stretched conformation. Benzene density profiles in the stationary phase show two distinct 

peaks, the partitioning peak deep in the bonded-phase region and the adsorption peak in the 

chromatographic interface. As W density retreats from the chromatographic interface region 

with increasing elution strength of the mobile phase, the benzene density shifts from the 

partitioning peak to the adsorption peak, and the adsorption peak shifts slightly towards the 

bulk region. Spatial distribution functions show that the shift of benzene density leads to a 

decrease in the average number of benzene contacts with the bonded phase and an increase in 

the number of contacts with solvent molecules. In WïMeOH systems, the W density the 

chromatographic interface is higher than in WïACN systems and benzene needs to occupy 

regions deeper in the bonded-phase to avoid the W in the interface region. This increases the 

average number of benzene contacts with the bonded phase. The average number of benzene 

contacts with the bonded phase is therefore related to retention and reflects the increased 

retention in WïMeOH systems. Overall, this chapter demonstrated that the general effects 

influencing retention can be explained by the reaction of analytes and the chromatographic 

interface to W density, which in turn is dependent on the properties of the OS. This shows how 
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the general effects influencing retention can be explained by the reaction of the analytes and 

the chromatographic interface to the W density. The distribution of the W density in the slit 

pore depends on the properties of the OS. 

The fourth chapter examines the solute-specific effects that influence and control analyte 

retention at the molecular level. To this end, the six analytes from the first chapter are examined 

in the established RPLC slit-pore model in WïMeOH and WïACN mixtures with an OS 

content between 10 and 90 vol % using MD simulations. The experimentally observed retention 

order of the six analytes can be reproduced by the simulations using the stationary-phase 

averaged number of bonded-phase contacts per analyte molecule. As the number of contacts 

with the bonded phase decreases, retention decreases and analytes with more contacts generally 

elute later than those with fewer contacts. The number of contacts depends on the penetration 

depth of analytes into the stationary phase and on the number of hydrophobic groups. The 

evasion of W through the hydrophobic groups pushes analytes deeper into the stationary phase, 

but only as far as the requirements for solvent HBs allows it. Thus, most of the density of the 

polar analytes is located in the adsorption peak in the stationary phase, leading to lower average 

number of contacts with the bonded phase. The apolar analytes, on the other hand, have 

significantly more analyte density in the partitioning peak and the stationary-phase averaged 

number of contacts with the bonded phase is therefore higher. Through a change in the OS the 

mobile phase exhibits different HB properties and the solvation of the bonded phase is altered.  

This allows different selectivities to be achieved in separations, as can be observed, for example 

with the benzyl alcoholïphenol pair in WïMeOH and WïACN mixtures. Since the analytes 

have varying requirements as HB acceptors and donors, they respond differently to changes in 

the OS, which can result in changes in selectivity. Differences in analyte selectivities can 

therefore be explained by the solute-specific reaction to changes in the stationary-phase 

solvation caused by the mobile phase. 

The fifth chapter examines the mass transport of the six analytes in a reconstructed silica 

monolith with a hierarchical pore structure and how it is influenced by the properties of the 

analytes and the mobile phase. For this purpose, the mesopore and fixed-bed diffusion 

coefficients of the six analytes are determined using multiscale simulations. The physical 

reconstructions of the mesopore space are based on measurements from a scanning transmission 

electron microscope, while those of the macropore space are based on confocal microscopy 

measurements. The diffusion and density profiles of the analytes are embedded in simplified 

form in three mesopore networks with average pore diameters dmeso of 12.3, 21.3, and 25.7 nm 

to determine the effective mesopore diffusion coefficients Dmeso using Brownian dynamics 

(BD) simulations. Dmeso increases with increasing OS content or with increasing analyte 

polarity. This can be compensated for by reducing dmeso, with an accompanying reduction in 

the available bulk volume. The effects of dmeso on Dmeso are thus comparable to those of analyte 

polarity and the elution strength of the mobile phase. The obtained Dmeso values are transferred 

to a reconstructed macropore network and the effective bed diffusivities Dbed are simulated 

using BD simulations. The Dbed values are limited by analyte retention and not by 

morphological properties of the pore space. Increased analyte retention slows down mass 

transfer between the mesopores and macropores, causing Dbed to decrease. By linking Dbed to 
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the phase-based retention factor, the B-term of the plate-height equation is determined. In 

addition to the known decrease in the B-term with increasing flow velocity of the mobile phase, 

a U-shaped curve is observed when plotting the B-term against the OS fraction of the mobile 

phase. The B-term is dominated by the retention factor at a low OS fraction and associated high 

retention, and by Dbed at a high OS fraction and low retention. 
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III.  Introduction  

The need to analyze complex samples is common in nearly every modern laboratory, be it to 

identify impurities in known samples during quality control or to investigate the composition 

of unknown samples. High-performance liquid chromatography (HPLC) as a fast and highly 

reproducible method with a high resolution offers an easy way for the separation of different 

compounds in liquid samples and helps to identify and quantify them. The different modes of 

HPLC offer ways to analyze nearly every sample soluble in liquids. Reversed-phase liquid 

chromatography (RPLC), as the most common mode of HPLC, covers most of the needed 

separations due to its broad application range for the separation of moderately polar to apolar 

compounds soluble in aqueousïorganic solvents.1 Compounds in RPLC are separated based on 

their interactions with a hydrophobically modified stationary phase and an aqueousïorganic 

mobile phase, typically consisting of a mixture of water (W) and an organic modifier such as 

acetonitrile (ACN) or methanol (MeOH). The distribution of solutes between the two phases 

determines their retention and therefore separation.  

While RPLC is widely employed due to its versatility and ease of use, its theoretical foundations 

are complex and difficult to grasp by experiment. Macroscopic quantities like retention or 

selectivity can easily be determined through experiments but due to the complexity of RPLC, 

it is still difficult to examine how parameters like stationary-phase chemistry or mobile-phase 

elution strength influence separations exactly and what the underlying physicochemical 

explanations are. Effects on the molecular level relevant for the separation can rarely accurately 

be investigated by experimental methods leading to poorly understood core principles in RPLC, 

especially the mobile-phase contributions to the retention process. The lack of molecular-level 

understanding of RPLC makes it challenging for column manufacturers and chromatographers 

to predict retention and to know which parameters to optimize to achieve the best possible 

separations. This knowledge gap makes alternatives to experiments attractive for the 

examination of the retention process in RPLC.1 

Molecular simulations offer an effective alternative for the investigation of microscopic 

processes relevant to RPLC,1,2 which were used to examine how stationary-phase properties, 

such as chain length, grafting density, and surface curvature influence the chromatographic 

interface and solute distributions.3ï6 In this work, new insights are presented on how retention 

is impacted on a molecular level by mobile-phase induced changes to the analyte environment 

and stationary phase. To this end, molecular dynamics (MD) simulations are used to examine 

an RPLC slit-pore model, which is surface modified with dimethyl-n-octadecylsilyl (C18)-

chains and filled with WïACN and WïMeOH mobile phases. In the following, a basic 

introduction of RPLC and simulations of chromatographic interfaces will be provided. The 

influence of the mobile phase elution strength on the solvation of the stationary phase, the 

properties of the chromatographic interface as well as on analyte retention and selectivity of 

small organic compounds will then be discussed in chapters 1ï4. The implications of analyte 

and mobile phase properties on mass transport in a reconstructed column will be examined in 

the fifth chapter by implementation of the MD results in a hierarchical porous silica model. 
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III.1  Reversed-phase liquid chromatography 

To provide a basis of RPLC, key concepts such as retention and selectivity are briefly 

introduced. RPLC as one of the most common separation modes is used in ~90 % of HPLC 

separations.1 For separations, binary or ternary mixtures of W with organic modifiers such as 

MeOH, ACN, or tetrahydrofuran (THF) are used as mobile phases. Porous silica-based 

materials, either monoliths or packed particles, which are modified with apolar ligands, are used 

as stationary phases. Common surface modifications include C18, dimethyl-n-octylsilyl (C8), or 

phenyl-hexyl. Due to steric constraints, complete surface coverage with the apolar ligands 

cannot be achieved, leading to residual silanol groups, which may interfere with separation of 

compounds, due to unwanted interactions leading to peak deformations.1,7 The number of 

residual silanol groups can be reduced through a process called endcapping, which involves the 

modification of some of the remaining residual silanol groups with a small hydrophobic group 

like trimethylsilyl (C1) groups.1,8 The use of ethylene-bridged hybrid (BEH) particles offers an 

alternative approach to reduce the silanol activity of the silica surface through the inclusion of 

ethylene groups in the silica lattice and improves the chemical stability of the stationary 

phase.8,9  

Analyte retention as a highly complex process, results from the interplay of multiple inter- and 

intramolecular interactions between analytes, the stationary, and the mobile phase. Solutes 

mostly interact with the stationary phase via hydrophobic interactions. For some stationary 

phases, additional interactions can occur, such as ḯ́ interactions or in special cases hydrogen-

bonding or ionic interactions.10 Unwanted interactions like hydrogen-bonding and ionic 

interactions with  ionized or neutral residual silanol groups can also alter separation and are 

dependent on the quality of the separation column and the surface grafting.1,8 In general, 

retention can be described as a function of solute hydrophobicity, largely affected by their 

hydrophobic solute area.7 A linear increase of the logarithm of the retention factor can be 

observed with an increasing number of methylene groups for a series of homologous analytes.7 

In contrast, hydrophilic groups reduce retention, although their exact contribution is less 

systematic and more dependent on specific interactions and position of the hydrophilic groups 

in the molecule.7 Retention of solutes can be quantified by the retention factor k which is defined 

as the time or number ratio of solutes in the stationary and mobile phase.7 
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Here, tSP and tMP represent the time a solute spends in the stationary and mobile phase, 

respectively, and NSP and NMP represent the number of molecules in the corresponding phases.7 

The retention factor can also be related to the distribution coefficient K and the phase ratio of 

the column ɓ, 
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where cSP and cMP are the analyte concentrations in the stationary and mobile phase, 

respectively, and VSP and VMP are the volumes of the stationary and mobile phase, respectively.7  



Introduction 

 

11 

  

In practical chromatography, the retention factor is calculated from the elution time of the 

analyte tr and of an ideally non retained dead-time marker t0.
7 
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The relative retention and degree of separation of two analytes can be quantified by the 

selectivity Ŭ, where k2 is always the larger retention factor.7 
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In practice, chromatographers select a column with a specific surface modification fitting to the 

separation of the respective sample. For instance, aromatic compounds that co-elute on 

conventional C18 columns can often be separated on phenyl-alkyl modified stationary phases, 

which exploit differences in ́ḯ interactions to separate the analytes. Retention is then further 

manipulated by adjustment of the elution strength of the mobile phase, which influences 

separations through the solvation of the stationary phase and by altering solventïsolute 

interactions. An increase in elution strength and therefore a decrease in retention can be 

achieved by reducing the W content or by switching to an organic solvent (OS) with a stronger 

eluent strength. For instance, by switching from MeOH to ACN. While altering the mobile 

phase is an inexpensive and flexible strategy to tune retention and to some degree selectivity1,11 

the underlying mechanisms are not fully understood and prediction of occurring changes 

remains challenging. The difficulty to understand how retention and selectivity change with 

alterations of the mobile and stationary phase motivates the use of models to examine how 

mobile and stationary phase properties influence retention and selectivity on a fundamental 

level. 

III.1.1  Retention modelling in RPLC 

Several theoretical models have been developed to predict and provide insights into retention 

and selectivity. Most attempts to create sufficient models are based on fitting large batches of 

experimental data for a combination of multiple solutes, stationary phases, and mobile 

phases.2,10 One of the first theories to describe retention was the solvophobic theory, which 

assumed that retention originates from repulsive soluteïsolvent interactions.12,13 The adsorption 

theory describes the retention mechanism as some form of adsorption onto the stationary phase, 

whereas the partitioning theory describes retention as a competition between the partitioning 

into the mobile and stationary phase.7 The existing limitations of those models are in part 

circumvented by modern models, which often describe retention as a combination of multiple 

interactions described by different parameters. For instance, the SnyderïDolan hydrophobic 

subtraction model provides insights into the nature of soluteïcolumn interactions and allows 

the characterization of reversed-phase columns and provides insights into the retention 

mechanism of RPLC.1,10,14 It identifies five major contributions controlling column selectivity, 

namely hydrophobic interactions, steric resistance, hydrogen bonding acidity and basicity, and 

ionic interactions.10 To derive these parameters retention factors of solutes obtained on different 

columns are compared to a reference retention factor. However, 18 compounds per column 

need to be investigated for each column1 and the model remains limited in various ways: more 
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than five interactions could be responsible for retention, these interactions may not be entirely 

independent from each other, and the correlation between proposed parameters and attributed 

physicochemical properties remains unclear. Such problems could cause a slight bias in the 

model. Nevertheless, the model offers a useful way to compare the properties of different 

columns and provides the chromatographer with an initial understanding of how separations 

should behave using these columns.  

Despite the improved understanding provided by retention models, the complete prediction and 

understanding of column selectivity through retention models remains a distant goal for now.10 

The various models show great promise but the underlying principles influencing retention are 

still unclear and difficult to determine with macroscopic properties obtained by experiment. 

The description of the elution strength remains difficult as well as it was shown by Teutenberg 

et al.15 They examined the possible correlation between the polarity parameter and the static 

permittivity and showed that these measures for solvent ñpolarityò do not correlate with elution 

strength. This also means that the elutropic series which is based on the polarity parameter 

model should not be used to define solvent strength in RPLC.15 They instead recommended 

solvent screening using different binary mobile phases before separations to find the optimal 

mobile phase,15 which can be a tedious process. This overall limited view of retention and the 

elution strength of the mobile phase creates the need for other approaches to investigate the 

retention process in RPLC and to provide a better understanding of it. 

III.2  Molecular simulations 

The previous chapter demonstrated that retention models derived from experimental data are 

limited in their predictive qualities and that it is difficult to draw conclusions about how exactly 

the retention process is affected by the different experimental parameters. Molecular 

simulations, especially MD and Monte-Carlo (MC) simulations, provide an atomistic-level 

view of the chromatographic interface, which can offer new insights into the physicochemical 

causes of retention and selectivity, as well as show how these are influenced by mobile-phase 

and stationary-phase parameters. MC simulations compute trajectories through stochastic 

moves, in which trial configurations are generated and accepted based on a set of acceptance 

rules.2,16 On the other hand, MD simulations are based on classical mechanics and solve 

Newtonôs equations of motion to calculate time-dependent trajectories.2  

III.2.1  Molecular simulations of the chromatographic interface 

MD and MC simulations are successfully used to investigate the chromatographic interface in 

RPLC.4ï6,17ï24 Lippa et al. were among the first to examine the chromatographic interface via 

MD simulations. Analysis of solvent depleted silica pores with different surface coverages and 

chain lengths showed that a higher degree of chain ordering (fewer gauche defects and larger 

end-to-end chain lengths) can be observed as chain length or grafting density increases. An 

increase in temperature, on the other hand, leads to a reduction in chain ordering. The change 

from monomeric to polymeric alkylsilanes results in a similar chain order.25,26 These 

simulations provided first insights into the structure of a solvent-depleted RPLC slit pore and 

offered insights into the morphology of the bonded-phase, which could be responsible for the 
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shape-selective behavior of some of the stationary-phases.25,26 The implementation of WïACN 

and WïMeOH mobile phases into slit-pore models revealed that OS is enriched at the 

chromatographic interface and that W density gradually decreases towards the silica surface, 

where it can exhibit surface peaks.6,27 Siepmann et al. divided the pore into three different 

regions based on the total solvent densities: the bonded-phase region (I), the interface region 

(II), and the bulk-liquid region (III). The bonded-phase region contains the hydrophobic alkyl 

groups and only small amounts of solvents, mostly at accessible surface silanol groups. The 

interface region encompasses the region where the total solvent density increases from 10 to 90 

% of the bulk density. It was shown that the OS can be enriched in this region depending on the 

type and amount of OS in the mobile phase. The bulk region contains the bulk mobile-phase 

with constant solvent densities. The density profiles showed that the transition between the 

stationary and mobile phase is rather smooth and that there is no abrupt border between the two 

phases. The investigation of the chain order in those systems revealed that the ordering of C18 

increases with increasing concentration of the OS.3,20,28,29 

To address the mechanisms behind analyte retention Siepmann and coworkers used 

configurational bias MC simulations to investigate solute retention of 1-propanol and n-butane 

in a slit-pore model with WïMeOH and WïACN mobile phases.20,28 The examination of 

incremental free energies of transfer of methylene and hydroxyl groups between an ideal gas 

reference phase, a stationary phase, and a bulk mobile phase with varying WïOS contents 

revealed retention thermodynamics of the two solutes. The favorable interactions of the 

methylene group with the bonded phase are nearly three times larger in magnitude than the 

unfavorable interaction with neat W. Interactions between the methylene group and the WïOS 

mobile phase are still favorable revealing that there are no solvophobic interactions of 

methylene groups with the mobile phase except for interactions with neat W. The driving force 

of the distribution of the polar solute was attributed to its hydrophilic group, which prefers 

interactions with the mobile phase that are more favorable than the still favorable interactions 

with the bonded phase. The distribution of those solutes revealed the existence of multiple 

sorption sites in the chromatographic interface and in the bonded phase. This revealed that 

adsorption is important for this solute, in contrast to the view that retention of small apolar 

solutes is dominated by partitioning. 1-propanol on the other hand mostly occupies regions 

close to the chromatographic interface and shows little partitioning contribution.20,28 These 

simulations revealed that the bonded phase in RPLC exhibits multiple sorption sites and that it 

does not act as a homogeneous phase in the retention process.28 Later publications examining 

the distributions of multiple different analytes revealed that, in general, the retention mechanism 

of apolar analytes is a mix of adsorption and partitioning whereas the mechanism of polar 

analytes results mainly from adsorption.27,30,31 

The surface diffusion of analytes, which is relevant for fast transport in RPLC, was investigated 

by Rybka et al. for four small aromatic compounds (ethylbenzene, benzene, acetophenone, and 

benzyl alcohol) in WïACN mixtures in an C18 modified slit-pore system using MD 

simulations.27,30,32 Analytes in the so-called OS ñditchò in the chromatographic interface 

experience an enhanced surface diffusion in comparison to their diffusion in the bulk liquid. 

This could be attributed to the increased OS content, and therefore dropping viscosity in this 
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region, as well as to a lubricating effect through analyte contacts with bonded-phase 

groups.4,27,30 The highest mobility gain of up to ~1.5 times the bulk diffusion was observed for 

benzene. The mobility gain decreases with increasing analyte size and polarity and increases 

with increasing bonded-phase chain length and surface-grafting density.4,30 Additional 

examination of retention in the slit-pore systems showed that the retention order of the solutes 

over the investigated range of OS contents could be reproduced by the distribution coefficient 

K calculated from the density profiles by choosing a border between the stationary and mobile 

phase.30 The diffusion profiles calculated by Rybka et al.27,30 in WïACN slit-pore systems were 

used to present a multiscale simulation approach, which implemented the diffusion profiles into 

a mesopore reconstruction to calculate mesopore diffusion coefficients, which were then 

implemented into the macropore space of a reconstructed porous silica monolith to calculate 

bed diffusion coefficients Dbed.
33,34 

III.2.2  Molecular dynamics simulations using GROMACS 

GROMACS is a fast and reliable open source software package written in the C and C++, 

originally developed for high-performance MD simulations of biological macromolecules in 

aqueous and membrane environments.35,36 Due to its versatility and computational efficiency, 

it is now successfully used in many other fields such as food science,37,38 material science,39 as 

well as in the study of solidïliquid interfaces in chromatographic systems.4,17ï19 It can be used 

on single processors or for parallelization on high-performance computers with the possibility 

to use both graphics processing units (GPUs) and central processing units (CPUs). GROMACS 

is compatible with a wide range of available force fields for the description of non-bonded and 

bonded interactions between atoms or groups of atoms. Bonded parameters are provided as a 

list of bonds, angles, and dihedrals between atoms or groups, while non-bonded interactions 

can be described using Lennard-Jones or Buckingham potentials and Coulomb interactions. 

LorentzïBerthelot combination rules can then be employed to generate the parameters for 

unlike non-bonded atom pairs.40 

The equations of motion can be integrated using the leap-frog integrator, which alternately 

calculates the positions and velocities of atoms at different points in time.16,40 The velocity 

Verlet algorithm on the other hand stores positions, velocities, and accelerations at the same 

time.16,40 The time steps of integration should be chosen, to describe the fastest motion in the 

system, which for RPLC systems is the stretching of the XïH bonds, necessitating times steps 

of 0.5 fs or slightly longer, when specific bonds are constrained.2 MD simulations can, among 

other things, be conducted in the canonical NVT (constant number of particles N, constant box 

volume V, and constant temperature T), the microcanonical NVE (constant N, constant V, and 

constant total energy E), or the isothermalïisobaric NpT (constant N, constant pressure p, and 

T) ensemble. To prevent hard boundaries at the simulation box borders, periodic boundary 

conditions (PBCs) are introduced, which ensure that if a molecule, for example, leaves the box 

on the right side, it enters the box again at the left side.40 

Slit -pore simulations in this work required preliminary bulk simulations to calculate bulk 

densities necessary for the setup of slit-pore systems. Due to the application of freezed groups 

to simulate the rigid silica lattice, the implementation of the NpT ensemble was not possible in 
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the slit-pore systems. Therefore, equilibration runs in the slit pore were conducted for 40ï80 ns 

in the NVT ensemble to form the chromatographic interface and achieve constant solvent 

densities in the bulk region, which were determined by the preliminary bulk simulations. The 

equilibration runs were then preceded by productive runs of around 500ï1100 ns in the NVT 

ensemble to achieve satisfactory analyte density and diffusion profiles. Due to the size and 

complexity of the simulation systems, simulations were mainly conducted on the HoreKa 

(Hochleistungsrechner Karlsruhe) supercomputer. After preliminary performance tests 

multiples of 72 cores per node were determined to provide the best efficiency and performance. 

72 cores instead of the maximum available number of 76 cores per node on the HoreKa were 

chosen because the domain decomposition algorithm of GROMACS works best with small 

prime factors in the number of tasks. Slit-pore systems in this work required 144 cores per 

simulation to produce trajectories of around 20ï40 ns per day depending on the type of the 

mobile phase. 
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Abstract 

 

Fast transport of retained analytes in reversed-phase liquid chromatography occurs through 

surface diffusion in the organic-solvent (OS)-enriched interfacial ñditchò region between the 

hydrophobic stationary phase and the water (W)īOS mobile phase. Through molecular 

dynamics simulations that recover the OS excess adsorption isotherms of a typical C18-

stationary phase for methanol and acetonitrile, we explore the relation between OS properties, 

OS excess adsorption, and surface diffusion. The emerging molecular-level picture attributes 

the mobile-phase contribution to surface diffusion to the hydrogen-bond capability and the 

eluting power of the OS. The higher affinity of methanol for the formation of WīOS hydrogen 

bonds at the soft, hydrophobic surface presented by the bonded-phase (C18) chains reduces the 

OS excess and the related viscosity drop in the ditch. The lower eluting power of methanol, 

however, translates to increased bonded-phase contacts for analytes, which can increase their 

mobility gain from surface diffusion above the gain observed with acetonitrile. 



Chapter 1 

 

 

20 

  

1.1. Introduction  

Fast surface diffusion is a unique and favorable mass transport characteristic of reversed-phase 

liquid chromatography (RPLC) separations that contributes to the success of RPLC compared 

with other high-performance liquid chromatography (HPLC) modes.1,2 Chemical separations 

by RPLC are carried out by injecting the sample mixture onto the column containing the 

hydrophobic stationary phase while pumping the aqueousīorganic mobile phase through the 

column to elute the sample components (the analytes) sequentially. Most RPLC columns 

contain silica-based stationary phases that carry dimethyl-n-octadecylsilane (C18) chains as the 

main ligand of the bonded phase, often supplemented with trimethylsilane (C1) endcapping 

groups to further reduce the residual hydroxylation of the solid silica support.  

Mass transport through an HPLC column occurs at two different time scales because the 

chromatographic bed is a macroīmesoporous structure, formed either by a tight packing of ɛm-

sized silica particles with nm-sized mesopores or by a silica monolith with a similar hierarchical 

pore space.3 The macropores allow quick mass transport through advective flow, whereas mass 

transport in the mesopores is purely diffusive. Diffusion through the mesopores is hindered by 

the tortuosity of the pore space4 and moderated by the presence of the bonded phase.5 (The 

bonded phase also lines the macroporeīliquid interface, but this accounts for <5% of the surface 

area in the column.) Analyte molecules that are dissolved in the mobile phase experience 

hydrodynamic dispersion from fluid flow and bulk diffusion. Much research has been devoted 

to understanding hydrodynamic dispersion in the chromatographic bed from the relevant 

column parameters, such as the packing microstructure6ī8 or the dimensions and shape of the 

conduit.9 But analyte molecules spend the majority of their time in the RPLC column in contact 

with the bonded phase and thus within a narrow layer referred to as the chromatographic 

(solidīliquid) interface. The inclusion of the interfacial dynamics in multiscale simulations of 

mass transport through a chromatographic bed is a recent achievement10ī12 and was preceded 

by two decades of dedicated molecular simulation studies of the RPLC interface.13ī16  

The RPLC interface offers two distinctly different environments to small analyte molecules:17 

the bonded-phase region, which contains the majority of the bonded-phase groups and the 

surface of the silica support with the adsorbed solvent layer, and the interfacial region, which 

contains the flexible ends of the bonded-phase chains solvated predominantly by organic-

solvent (OS) molecules.18,19 Analyte diffusivity in parallel direction to the silica surface is low 

in the bonded- phase region, but not in the interfacial region.5,16 The OS excess in the interfacial 

region favors the diffusivity of bonded-phase groups, analyte molecules, and OS molecules, 

which all display a maximum in surface-parallel diffusivity in the so called ñditchò.2 The ditch 

is key to fast surface diffusion and thus the favorable mass transport characteristics of RPLC. 

Fast surface diffusion occurs when analyte molecules in the ditch, and thus in contact with the 

bonded phase, exceed their respective diffusivity in the bulk mobile phase. This is 

advantageous, as surface diffusion is the main mode of analyte transport through the RPLC 

column.20ī22  

The influence of many stationary-phase properties, such as ligand density, chain length, ligand 

chemistry, and surface curvature, on the chromatographic interface in general and the ditch in 
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particular has been investigated by molecular simulations,23ī31 but the mobile-phase properties 

(apart from the water (W)/OS ratio) have received little attention.32 The chromatographic 

literature considers the mobile phase of secondary importance. This is not only because the 

column remains the core concept and central point of view but also because in RPLC practice, 

mobile-phase selection is driven by considerations of price, viscosity (which determines the 

column back pressure), purity, as well as compatibility with existing equipment and the detector 

of choice. More often than not, these considerations narrow the options among the W miscible 

solvents down to methanol (MeOH) and acetonitrile (ACN). MeOH has lower eluting power 

than ACN in RPLC, but this is of little practical consequence as the overall elution strength of 

the mobile phase is adjustable via the OS fraction (e.g., 60 vol % MeOH and 50 vol % ACN 

have comparable elution strength).  

Although the practical approach to mobile-phase selection in RPLC is suggestive of OS 

interchangeability, a closer look at the experimental evidence contradicts this impression. The 

OS choice may change the selectivity of separation,33 which indicates that MeOH and ACN 

influence the retention of specific analytes on the same column differently. The influence of the 

OS choice on surface diffusion was likewise considered by chromatographers in the past, but 

the lack of a molecular level picture of the RPLC interface prevented an adequate interpretation 

of the available data beyond concluding that the surface diffusivity is correlated to the mobile-

phase viscosity.34  

Another experimental indicator, whose potential significance for the influence of the OS type 

on surface diffusion has been overlooked by chromatographers so far, is the OS excess. OS 

excess adsorption isotherms acquired for various RPLC columns consistently show a lower 

amount of positive OS excess and also of negative OS excess (at high and low W content of the 

mobile phase, respectively) for WīMeOH than WīACN mobile phases.35ī37 This should have 

consequences for the surface diffusivity, as the OS-enriched solvent composition in the ditch is 

the main promoter of fast surface diffusion.2 The negative OS excess was attributed to the W 

dominated solvent layer at the silica surface, a conjecture later confirmed by Siepmann and co-

workers32 through molecular simulations of a C18-stationary phase with WīOS mobile phases 

of 67/33 and 33/67 (n/n) W/OS (which correspond to 48/52 and 18/82 (v/v) W/MeOH, and to 

41/59 and 14/86 (v/v) W/ACN). The simulations showed that MeOH participates to a higher 

degree than ACN in the coordination of residual OH groups at the silica surface and thus 

produces less negative OS excess. An explanation for why MeOH produces less positive OS 

excess than ACN has not been put forward so far.  

In this work, we compare WīMeOH with WīACN mobile phases over a wide range of OS 

volume fractions in molecular dynamics (MD) simulations of the RPLC interface to study the 

role of the mobile phase, in particular the OS type, in surface diffusion. The dynamic properties 

of the RPLC interface with WīACN mobile phases were already established in previous 

work.2,5,16,30,31 We use our validated RPLC mesopore model of a silica-based, endcapped, C18 

stationary phase (Figure 1.1) with an extended analyte ensemble of six structurally closely 

related compounds (Figure 1.2) that represent the spectrum of apolar to moderately polar 

analytes separated by RPLC. The variety contained in this ensemble should suffice to allow 
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inferences about the influence of specific analyte properties, particularly the absence or 

presence of polar groups, on the surface diffusivity. MeOH and ACN as OS are first compared 

regarding their OS excess in the RPLC interface in general and the ditch in particular. Then, 

the surface diffusivity of analyte molecules in the ditch as well as their mobility gain compared 

to the bulk mobile phase is quantified under consideration of specific analyte properties. 

Through elaborating the differences between the MeOH ditch and the ACN ditch, we pursue a 

physicochemical definition of the mobile-phase contribution to surface diffusion in RPLC. 

 

Figure 1.1. RPLC slit-pore model of a silica-based, endcapped, C18 stationary phase 

equilibrated with an aqueousīorganic mobile phase. A snapshot of the simulation with phenol 

as analyte and a mobile phase of 60/40 (v/v) W/MeOH is shown. The MeOH ditch shows as an 

interfacial layer between the C18 chain ends and the bulk mobile phase. Details visualize the 

analyte environment in the ditch region of the solvated stationary phase (top right) and in the 

bulk liquid region of the pore (bottom right). Representation of stationary-phase and mobile-

phase elements: Si, O, and H atoms of silica as yellow, red, and white sticks, respectively; C18 

chains and C1 endcapping groups of the bonded-phase as gray sticks; W and MeOH molecules 

as dark blue and turquoise sticks, respectively. C, O, and H atoms of the analyte phenol are 

shown as purple, red, and white balls, respectively. 
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Figure 1.2. Molecular structures and van der Waals volumes of the RPLC analytes.38 

1.2. Computational details 

1.2.1. RPLC pore model and force field selection 

Most computational details have already been extensively described in our previous MD 

simulation studies with the RPLC slit-pore model.2,5,16,30 The 12.14 × 13.20 × 10.93 nm3 

simulation box contained a central silica slab, cut from ɓ-cristobalite SiO2 reservoirs. The silica 

surface was modified to represent an average endcapped C18 column with a ligand (C18) density 

of 3.11 ɛmol/m2 by randomly grafting 1.87 C18 chains/nm2 and 0.56 C1 groups/nm2 to the 

surface, which left 2.06 residual OH groups/nm2 on the surface. The applied periodic boundary 

conditions turn the system into a 10 nm slit pore (Figure 1.1). 

Except for the force fields representing the WīïMeOH mobile phase, we used the same force 

fields as in our previous work: the parameters of Gulmen and Thompson for the silica surface 

atoms,39 the united-atom version of the transferable potentials for phase equilibria (UA-

TraPPE) for the bonded-phase groups,40 the explicit CHARMM general force field for the 

analyte molecules,41 and the extended simple point charge (SPC/E) force field for W42 in 

combination with the UA-TraPPE force field for ACN43 for the WīACN mobile phase. This 

force field combination has been validated by comparison with experimental retention data.16,44  

Our previous experience with MeOH as mobile-phase component was limited to the 

chromatographic interface in hydrophilic interaction liquid chromatography (HILIC) with a 

bare-silica stationary phase, where fast surface diffusion is absent.45,46 Finding the appropriate 

force field combination to represent solvent density and diffusivity with a WīMeOH mobile 

phase was an essential prerequisite for simulations in the RPLC slit-pore model. For MeOH, 

we selected UA-TraPPE,47 because the respective version of this force field was also used for 

ACN. Siepmann and co-workers, who established much of the molecular-level knowledge 
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about the RPLC interface,13,17,18,24ī27,29,32 but did not compute diffusivity data, used the TIP4P 

force field for W48 in combination with UA-TraPPE for MeOH. Our use of the SPC/E force 

field for W to model the WīACN mobile phase had relied on the work of Mountain.49 For 

WīMeOH mixtures, however, the TIP4P and the SPC/E force fields have compared decidedly 

less favorable than the TIP4P/2005 force field50 with experimental data for the self-diffusivity 

of W and MeOH.51 Therefore, we tested the SPC/E and the TIP4P/2005 force field for W 

combined with the UA-TraPPE force field for MeOH in MD simulations of WīMeOH bulk 

mixtures.  

Bulk box simulations were carried out for 11 W/MeOH ratios between 100/0 and 0/100 (v/v) 

at a temperature of T = 298.15 K to compare with the available experimental data. The 

simulations were performed for 7ī14 ns as NpT ensemble (constant number of molecules N = 

10 000, pressure p, and T) and continued for 14ī29 ns as NVT ensemble (constant N, simulation 

box volume V, and T) in Groningen Machine for Chemical Simulation (GROMACS) version 

2020.4.52,53 Further simulation details were as described below for the slit pore model.  

Figure 1.3 shows how the density and diffusivity data simulated with the two force field 

combinations compare with experimental data for the total solvent density54 and the W and 

MeOH self-diffusivity.55 The total solvent density curve is nearly perfectly reproduced by both 

force field combinations, whereas the diffusivity curves are more susceptible to the W force 

field. The self-diffusivities are better approximated by the TIP4P/2005 force field, which we 

therefore used to simulate WīMeOH mobile phases in the slit pore model. Figure 1.3 reflects 

that the simulation of diffusivity data is considerably more challenging than the simulation of 

density data56 and incurs a computational cost. The simulation of WīMeOH bulk mixtures with 

the TIP4P/2005 instead of the SPC/E force field increased the CPU times for the same trajectory 

length by a factor of 1.1ī1.5 (depending on the W/OS ratio). 

 

Figure 1.3. Comparison of experimental data54,55 for W MeOH bulk mixtures with 

corresponding data simulated with the SPC/E or the TIP4P/2005 force field for W in 

combination with the UA-TraPPE force field for MeOH. Total solvent density (left), self-

diffusion coefficient of W (middle), and self-diffusion coefficient of MeOH (right) as a function 

of the W mole fraction at 298.15 K. 
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1.2.2. Simulation details 

MD simulations in the RPLC slit-pore model were carried out using GROMACS version 2019.6 

for a canonical NVT ensemble at T = 300 K controlled by a Nos®īHoover thermostat. Energy 

minimization was conducted with the steepest-descent method. Initial velocities were randomly 

assigned according to a MaxwellīBoltzmann distribution. Long-range electrostatic interactions 

were provided by the particle-mesh Ewald algorithm. Nonbonded interactions were modeled 

with a 12ï6 Lennard-Jones potential. Lennard-Jones parameters for unlike interactions were 

obtained from the LorentzīBerthelot combination rules. For all interactions, a validated cutoff 

radius of 1.4 nm was used.2  

An important step of our simulation protocol is to replicate the column equilibration process 

through preliminary simulations. In chromatographic practice, the running mobile phase is 

pumped through the column until the equilibration of the stationary phase, which involves 

coordination of residual OH groups on the silica surface by predominantly W molecules and 

solvation of the bonded-phase chains by predominantly OS molecules, is complete and the 

system has reached a steady state. With our slit pore model, the number of W and OS molecules 

in the box is manually adjusted between shorter simulation runs until the W/OS ratio in the true 

bulk region of the slit pore (defined by constant total solvent density) matches the targeted 

W/OS ratio of the mobile phase to ±1%. This degree of accuracy is necessary to calculate 

diffusion coefficients, which are highly sensitive to the solvent composition. 

Simulations in the slit pore model were carried out with Nanalyte = 10 for WīMeOH and WīACN 

mobile phases at W/OS ratios between 80/20 and 10/90 (v/v). Each compound (benzene, 

ethylbenzene, naphthalene, phenol, benzyl alcohol, and acetophenone) was simulated 

separately. Data for benzene, ethylbenzene, benzyl alcohol, and acetophenone in WīACN 

mobile phases were calculated from previously simulated trajectories.16 Additional simulations 

without analyte compounds were performed for WīMeOH and WīACN mixtures at W/OS 

ratios of 98/2, 95/5, 90/10, 65/35 (W/ACN only), 5/95, 2/98, and 1/99 (v/v) to complete the OS 

excess adsorption isotherms. The numbers of W and OS molecules in the simulation box for 

each W/OS ratio, determined as described in preliminary simulations, are listed in Table 1.S1. 

After equilibration periods of 40ī80 ns, productive simulation trajectories lasted between 319 

and 926 ns with WīMeOH mobile phases and between 219 and 1023 ns with WīACN mobile 

phases, depending on the analyte and W/OS ratio. Apolar analytes at low OS volume fraction 

in the mobile phase required the longest simulation times. The equations of motion were 

integrated with a time step of 1 fs. The output frequency was set to 0.5 ps.  

Due to the advanced W force field required for adequate representation of WīMeOH mixtures 

and the higher number of solvent molecules in the simulation box with WīMeOH mobile 

phases (Table 1.S1), slit-pore model simulations required on average 35% more CPU time with 

WīMeOH than with WīACN mobile phases to generate the same trajectory length. 

Simulations in the slit pore model and the bulk box were performed on 144 and 72 cores, 

respectively, of the high-performance computer HoreKa of the Steinbuch Center for Computing 

at the Karlsruhe Institute of Technology (Karlsruhe, Germany). A total of 8 000 000 coreīhours 

was used. 



Chapter 1 

 

 

26 

  

1.2.3. Data analysis 

1.2.3.1. Determination of OS excess adsorption isotherms 

OS excess adsorption isotherms were determined according to Everett57 based on the amount n 

of W and OS in the system. The data points were calculated as the areal-reduced surface excess 

of the OS according to 

 
ɜ

ρ

ὃ

ρ

ὔ
ὔ Ͻ… ȟ   ὔ Ͻ… ȟ  

(1.1) 

 

where As = 320.50 nm2 is the area of the silica surface in the slit pore, NA is Avogadroôs number, 

NOS and NW are the number of OS and W molecules in the simulation box, respectively, and 

… ȟ  and … ȟ  are, respectively, the W and OS mole fractions in the true bulk region of 

the pore as characterized by constant W and OS density profiles (and determined within z = 

3ī5 nm). Note that the value of ῲ   is independent of the slit pore diameter, as long as constant 

total solvent density is recovered in the pore. (For a very narrow slit pore or a small cylindrical 

pore, this may no longer be the case.58) Because our simulation protocol replicates the column 

equilibration process so that the W and OS mole fractions in the true bulk region of the pore 

recover the targeted (n/n) W/OS ratio of the nominal mobile phase to ±1%, that is, … ȟ

… ȟ  and … ȟ … ȟ , ῲ   values could be obtained directly from the number of W 

and OS molecules in the simulation box at a given W/OS ratio. For the best possible accuracy, 

however, we calculated the ῲ   data shown in Figure 1.4 from … ȟ  and … ȟ  as 

determined from the W and OS density profiles at z = 3ī5 nm (Figures 1.S1 and 1.5). The 

respective values are listed along those for NW and NOS in Table 1.S1. 

1.2.3.2. Calculation of density profiles 

Density profiles were calculated from the atom number densities of the O atom of W, the O 

atom of MeOH, the N atom of ACN, and the united-atom groups of the bonded phase as a 

function of the distance z from the location of the Si surface atoms (z = 0 nm). For the density 

profiles of W, MeOH, and ACN, we used 20 ns trajectories and bin sizes of 0.05 and 0.1 nm at 

z < 1 and >1 nm, respectively. For the bonded-phase profiles, we used 40 ns trajectories and a 

bin size of 0.02 nm. 

1.2.3.3. Determination of OS Orientation 

The orientation of OS molecules is described by the cosine of the angle Ŭ between the surface 

normal and the vector pointing from the CH3 united-atom group to the O atom of MeOH or to 

the N atom of ACN. Data were calculated at the location of the OS density maximum 

(±0.025 nm) for W/OS ratios between 98/2 and 20/80 (v/v) from 20 ns trajectories using a bin 

size of 0.05 nm. 

1.2.3.4. Calculation of solventïsolvent hydrogen-bond density profiles 

The number of WīW and WīOS hydrogen bonds (HBs) per W molecule as well as the number 

of MeOHīMeOH HBs per MeOH molecule were determined based on a distance 

criterion (r Ò rHB). The cutoff radius rHB (Table 1.S2) was derived from the minimum following 

the first maximum in the radial distribution function (RDF) of the respective donorīacceptor 
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pair XīHðX (X = N, O). HB density profiles were calculated for W/OS ratios between 80/20 

and 20/80 (v/v) from 100 ps trajectories using a bin size of 0.05 nm. The HB density profiles 

were normalized to the HB density in the true bulk region of the pore. 

1.2.3.5. Calculation of surfaceïparallel diffusion coefficient profiles 

The distance (z)-dependent diffusion coefficient of W, OS, and analyte molecules and of 

bonded-phase groups in parallel (xy) direction to the silica surface, D (᷆z), was calculated 

following an approach by Liu et al.59 Each target molecule or bonded-phase group was allowed 

a maximum shift of ±0.3 nm around its z-position at the start of the observation interval. When 

a molecule or bonded-phase group left its assigned z-interval, its further movements were 

discarded. The mean squared displacement ộὶ ὸỚ  ộὼ ὸ ώ ὸỚ of the observed species 

was repeatedly recorded during observation intervals of 20 ps shifted in 0.5 ps time steps 

through the trajectory. D (᷆z) was then calculated using a bin size of 0.2 nm from the linear slope 

of the observation curve (t = 4ī16 ps) according to the Einstein equation 
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Following GROMACS procedure, an error estimate was obtained from the difference between 

the values of D (᷆z) calculated for t = 4ī10 and 10ī16 ps. Error estimates for the D ,᷆max values 

of analytes were in the range of ±0.08 to ±0.20 × 10ī9 m2/s. Error estimates for the D ,᷆max values 

of the bonded-phase groups C16 to C18 were in the range of ±0.18 to ±0.36 × 10ī9 m2/s with 

WīMeOH mobile phases and Ñ0.23 to Ñ0.47 Ĭ 10ī9 m2/s with WīACN mobile phases. Error 

estimates for the D ,᷆bulk values of analytes were in the range of ±0.01 to ±0.13 × 10ī9 m2/s.  

Under highly retentive conditions, apolar analyte molecules rarely spend time in the bulk region 

of the pore so that the respective D (᷆z) profiles may show poor statistics in the bulk region even 

with simulation trajectories of close to 1 ɛs. In these cases (naphthalene at 20ī50 vol % MeOH 

and 20ī40 vol % ACN; ethylbenzene at 20 and 60 vol % MeOH; benzene at 20ī40 vol % 

ACN), the constant diffusivity values representing the true bulk region in the D (᷆z) profiles 

were substituted by D ,᷆bulk values obtained from simulations of the analytes in bulk WīOS 

mixtures at the respective W/OS ratios. Bulk box simulations were performed in GROMACS 

version 2020.6 as NpT ensemble for 20 ns and continued as NVT ensemble for 50 ns with 

Nanalyte = 10 and NW + NOS = 20 000 at T = 300 K. Error estimates for D ,᷆bulk values from bulk 

box simulations were in the range of ±0.03 to ±0.07 × 10ī9 m2/s. 

1.2.3.6. Determination of bonded-phase contacts 

The average number of contacts with bonded-phase groups per analyte molecule (CBP) was 

determined based on a distance criterion (r Ò rC). The cutoff radius rC was derived from the 

minimum following the first maximum in the RDF between the center-of-mass of an analyte 

molecule and a united-atom group of the bonded phase. Analyte contacts were calculated from 

20 ns trajectories for a z-interval of ±0.025 nm around z(D ,᷆max) using a bin size of 0.05 nm. 
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1.2.3.7. Determination of soluteïsolvent hydrogen bonds 

The average number of soluteīW and soluteīOS HBs per analyte molecule was determined 

from 10 ns trajectories for a z-interval of ±0.025 nm around z(D ,᷆max) of phenol, benzyl alcohol, 

and acetophenone using a bin size of 0.05 nm. The respective rHB values (Tables 1.S3 and 1.S4) 

were derived from the minimum following the first maximum in the RDF of the respective 

donorīacceptor pair XīHðX (X = N, O). 

1.2.3.8. Determination of solute orientation 

The orientation of the moderately polar analytes phenol, benzyl alcohol, and acetophenone was 

determined for W/OS ratios between 80/20 and 20/80 (v/v) for a z-interval of ±0.025 nm around 

z(D ,᷆max). Solute orientation is described by the cosine of the angle Ŭ between the respective 

molecular vector and the surface normal and was calculated from the complete trajectories 

using a bin size of 0.05 nm. 

1.3. Results and discussion 

1.3.1. Simulated vs experimental OS excess adsorption isotherms 

To provide a connection to experimental data from chromatographic practice, we begin with a 

discussion of the OS excess adsorption isotherms obtained with WīMeOH and WīACN 

mobile phases. Figure 1.4 shows that the simulated OS excess adsorption isotherms 

approximate the shape of experimental isotherms obtained for C18 columns, particularly for Ò50 

vol % OS, and recover the essential properties of MeOH and ACN regarding the generated 

amount of positive and negative OS excess. The simulated isotherms also reproduce the position 

of the experimental OS excess maximum. Interestingly, the OS excess maximum is at 30 vol 

% MeOH and 35 vol % ACN, which correspond to the same molar fraction of … ȟ πȢρφ. 

 

Figure 1.4. Molar-based, areal-reduced OS surface excess (ῲ  ) adsorption isotherms for 

MeOH and ACN (left) obtained from MD simulations in the RPLC slit-pore model of an 

endcapped C18 phase with a ligand density of 3.11 ɛmol/m
2. Volume-based, areal-reduced OS 

surface excess (ῲ  ) adsorption isotherms for MeOH and ACN (right) acquired by Kazakevich 

et al.35 for a C18 column with a ligand density of 2.51 ɛmol/m
2 and by Bocian et al.37 for a C18 

column with a ligand density of 3.27 ɛmol/m2. 
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Positive and negative OS excess is usually less pronounced in the simulated isotherms than in 

the experimental ones (Figure 1.4). This does not necessarily indicate a shortcoming of either 

data set, but the limited comparability of simulated and experimental data, which arises from 

(i) the approach, molecular-level vs macroscopically based, used for determining the OS excess 

amount, and (ii) the differences between the RPLC slit-pore model and C18 columns. 

Determination of the molar-based OS excess amount by eq 1.1 from the molecular-level picture 

is as straightforward as counting the number of W and OS molecules in the slit pore. In contrast, 

the number of W and OS molecules in an RPLC column is unknown, as molecular-level 

information is inaccessible. The OS excess amount is instead inferred from measured volume 

or weight differences. Conversion of these primary data into the OS excess amount, however, 

requires accurate knowledge of the volume occupied by solvent (W + OS) molecules in the 

column, referred to as the thermodynamic void volume. The experimental determination of the 

thermodynamic void volume and thus the experimental OS adsorption isotherms relies on the 

assumption that W and OS molecules retain the partial molar volumes of the bulk liquid mixture 

everywhere in the column.57,60 Molecular simulations have since shown that this assumption is 

not valid for the chromatographic interfaces encountered in RPLC and HILIC.13,32,46 

To illustrate the principle by which OS excess adsorption is experimentally determined, we 

briefly recount the pycnometric method.60 This is a static method, disruptive to the equipment, 

and thus not favored in practice, but easy to understand. Consider an RPLC column equilibrated 

with a mobile phase of a given W/OS ratio. The column is weighed, before being emptied of 

all solvent, followed by drying to remove all solvent traces from the stationary phase. The dry 

column is weighed again, and the weight difference to the solvent-filled column is taken as the 

weight of the solvent in the equilibrated column. The total density and the solvent composition 

of the liquid emptied from the column are also determined. Division of the solvent weight by 

the total solvent density yields the thermodynamic void volume. Subtraction of the OS 

concentration in the mobile phase from the OS concentration in the liquid emptied from the 

column yields the OS excess concentration. The OS excess amount is then obtained by 

multiplication of the OS excess concentration with the thermodynamic void volume.  

The correct experimental method for thermodynamic void volume determination remains a 

controversial topic in the chromatographic literature, as different methods yield different 

results.61 This is unsurprising as the W and OS density profiles (Figures 1.S1 and 1.5, 

respectively) show that the assumption of constant partial molar volumes for the solvents within 

the column is untenable. Partial molar volumes depend on the solvent ratio and on the presence 

of other components, in this case, the bonded-phase chains and the solid silica surface. 

Therefore, only the partial molar volumes of the solvent molecules within the true bulk liquid 

region of the column, whose composition matches the W/OS ratio of the mobile phase, are 

known with certainty. 
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Figure 1.5. OS density profiles obtained from MD simulations in the RPLC slit-pore model 

with WīMeOH (left) and WīACN mobile phases (right) at W/OS ratios between 98/2 and 1/99 

(v/v). Number densities were calculated from the O atom of MeOH and the N atom of ACN. 

Deviations between simulated and experimental isotherms could also reflect how well our 

RPLC slit-pore model replicates the relevant properties of the particular C18 columns used for 

comparison or of C18 columns in general. HPLC column properties fall into two categories: 

morphological and chemical. The slit pore model focuses on the latter; morphological 

properties are outside the scope of this investigation. It could be argued that the admittedly more 

elegant shape of the experimental isotherms hints at a morphological influence. But whether 

the presence of pore curvature in real-life columns or the complex morphology of the 

chromatographic bed shapes the OS excess adsorption isotherms cannot be answered at this 

point.  

Regarding chemical column properties, our RPLC slit-pore model was constructed to reflect 

the average stationary-phase properties of typical C18 columns for small molecule separations. 

The stationary-phase properties relevant to OS excess adsorption are the main ligand (C18) 

density, the presence and density of endcapping groups, and the presence and density of residual 

OH groups and charges on the silica surface. Residual surface charges, which are considered a 

disturbing factor for RPLC separations, are not accounted for in our model. But it must be said 

that negative surface charges lead to increased W density in the chromatographic interface, 

which is responsible for negative OS excess. Likewise, the absence of endcapping increases the 

amount of negative excess.36,37 The absence of surface charges and the presence of endcapping 

in our slit pore model are therefore in agreement with the low amount of negative OS excess 

shown by the simulated isotherms. Overall, however, the impact of differences in stationary-

phase properties between our RPLC slit-pore model and the C18 columns should not be 

overestimated considering the variation in the experimental isotherms acquired for C18 columns 

with similar stationary-phase properties. 

1.3.2. Origin of positive OS excess 

The simulated OS density profiles and their evolution over the range of W/OS ratios 

(Figure 1.5) provide information about the contribution of each OS density peak to the overall 

OS excess. The respective W density profiles for WīMeOH and WīACN mobile phases are of 

minor interest here and shown for the sake of completeness in Figure 1.S1 in the Supporting 
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Information. To follow the argument, it is important to remember that the W excess equals the 

negative OS excess and that therefore a lower amount of positive OS excess at a given W/OS 

ratio of the mobile phase also means a lower amount of negative W excess.  

The definition of the chromatographic interface as introduced by Siepmann and co-workers18 

and used in our earlier studies2,5,16,30,31 places the limit of the interfacial region at 90% of the 

total solvent density. To be consistent with the OS excess adsorption isotherms, we distinguish 

in this study between the solvated stationary phase, characterized by a detectable influence of 

the stationary phase on the local solvent density, and the true bulk region of the pore, defined 

by constant total solvent density and thus the complete absence of stationary-phase influence. 

The interfacial region is then identical to the OS ditch.  

The OS density profiles show four solvent layers of different widths in the solvated stationary 

phase (Figure 1.5). The small density peaks closer to the silica surface (at z < 0.825 and 

<0.925 nm, respectively, in the MeOH and ACN density profiles) represent solvent layers 

associated with the bonded-phase region, which contains the silica surface and the less flexible 

bonded-phase groups of the first and second chain segment (CH2(1)īCH2(12)).31 Accordingly, 

the function of OS presence in the bonded-phase region comprises the coordination of residual 

OH groups at the silica surface through HB formation (first OS density peak), the coordination 

of surface-adsorbed W and OS molecules (second and third OS density peak, respectively), and 

solvation of bonded-phase groups (third OS density peak). A comparison of the MeOH and 

ACN density profiles shows that MeOH molecules prioritize silica surface coordination, 

whereas ACN molecules focus on the coordination of surface-adsorbed W and ACN molecules 

and on bonded-phase solvation.  

Together, the first three OS density peaks account for 1ī10% of MeOH molecules and 3ī10% 

of ACN molecules in the solvated stationary phase (Table 1.S5). This means that although ACN 

has on average more density than MeOH in the bonded-phase region, this contributes little to 

the overall OS excess in the solvated stationary phase. At least 90% of OS molecules in the 

solvated stationary phase are located in the fourth solvent layer associated with the interfacial 

region, which contains the more flexible bonded-phase groups of the third chain segment 

(ÓCH2(13)).31 Therefore, the ditch is the producer of positive OS excess. The OS enrichment in 

the ditch remains recognizable in the OS density profiles (Figure 1.5) up to a mobile phase of 

80/20 (v/v) W/OS.  

Figure 1.6 uses the common mobile-phase component, W, as a reference point to summarize 

the essential differences between WīMeOH and WīACN mobile phases regarding the local 

composition of the solvated stationary phase. Shown is the difference between the respective 

excess W density profiles obtained with MeOH and ACN as OS. We are looking at the excess 

W density contained in the solvated stationary phase, that is, at the local W density relative to 

the W density in the true bulk region. Figure 1.6 visualizes that WīMeOH mobile phases 

generate less excess W density in the immediate solvent layer at the silica surface and more 

excess W density in the ditch than WīACN mobile phases.  
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Figure 1.6. Difference in excess W density profiles between WīMeOH and WīACN mobile 

phases for W/OS ratios between 98/2 and 1/99 (v/v). The excess W density (ɟW,norm) is the local 

W density normalized by the constant W density in the true bulk region of the pore. Difference 

profiles were calculated as ɟW,norm(WīMeOH) ī ɟW,norm(WīACN) at a given W/OS ratio. 

OS orientation in the ditch is a function of the W/OS ratio of the mobile phase (Figure 1.7). At 

low OS volume fraction, OS molecules show a preferential orientation that vanishes in favor of 

random orientation with increasing OS volume fraction, that is, the loss of preferential 

orientation mirrors the loss of local OS enrichment in the ditch. The preferential orientation of 

MeOH molecules in the ditch is with the hydroxyl group pointing away from the silica surface, 

which enables HB formation with W molecules of the bulk liquid region. The same preferential 

molecular orientation, though not its gradual loss with increasing MeOH content of the liquid, 

was observed by sum-frequency vibrational spectroscopy studies of the preferential adsorption 

of MeOH from WīMeOH mixtures to hydrophobic, alkyl silane-covered silica substrates.62,63 

ACN preferential orientation in the ditch is parallel to the silica surface. This suggests that the 

different hydrogen-bonding capabilities of MeOH and ACN are behind the observed 

differences in the OS excess generated with WīMeOH and WīACN mobile phases.  
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Figure 1.7. OS orientation at the OS density maximum in the ditch generated with W MeOH 

(left) and W ACN mobile phases (right) at W/OS ratios between 98/2 and 20/80 (v/v). Shown 

are probability distributions for the cosine of the angle a between the surface normal and the 

vector pointing from the CH3 united-atom group to the O atom of MeOH or the N atom of ACN. 

To investigate the role of solventīsolvent hydrogen bonding for the OS excess, we calculated 

HB density profiles. To remain consistent with the viewpoint of OS excess adsorption, the HB 

density in the solvated stationary phase is analyzed with respect to the HB density in the true 

bulk region of the pore. Figure 1.8 shows normalized profiles for the total HB density, that is, 

the sum of WīW, WīOS, and MeOHīMeOH HBs, as well as for the WīOS HB density. The 

comparison shows that WīMeOH mobile phases have higher total HB density in the interfacial 

region, whereas WīACN mobile phases have higher total HB density at the silica surface, 

reflecting the excess W density profiles of Figure 1.6. The ditch is revealed as the location of 

maximum WīOS HB density (and also of MeOHīMeOH HB density, Figure 1.S2) relative to 

the true bulk region. Importantly, the normalized WīOS HB density in the MeOH ditch is 

higher than in the ACN ditch. This proves that the higher affinity of MeOH for the formation 

of WīOS HBs at the soft, hydrophobic surface presented by the bonded-phase chains is 

responsible for the lower OS excess produced in the MeOH ditch.  
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Figure 1.8. Hydrogen bond (HB) number density profiles, normalized to HB density in the true 

bulk region of the pore, for WīMeOH (left) and WīACN mobile phases (right) at W/OS ratios 

between 80/20 and 20/80 (v/v). Top: normalized total HB density, bottom: normalized WīOS 

HB density. 

The increased WīOS HB density in the MeOH ditch mirrors the behavior of MeOH molecules 

at the silica surface. The higher affinity of MeOH molecules for the formation of silicaīOS 

HBs compared with ACN molecules results in increased MeOH and decreased W density at the 

silica surface compared with WīACN mobile phases and explains why MeOH generates less 

positive W excess or negative OS excess than ACN at very high OS volume fraction in the 

mobile phase.32 Another consequence of the high affinity of MeOH molecules for silicaīOS 

HBs is that WīMeOH mobile phases do not work in HILIC with bare-silica columns because 

the generated positive W excess is not sufficient to support a retentive W-rich layer.46  

In addition to higher relative WīOS HB density, the MeOH ditch also features MeOHīMeOH 

HBs and a higher relative WīW HB density (Figure 1.S3) than the ACN ditch. Consequently, 

the MeOH ditch possesses a higher total relative HB density, which can be equated with 

increased solvent structure, than the ACN ditch. Lower OS excess and higher solvent structure 

predict a reduced mobility gain from surface diffusion for analyte molecules in the MeOH ditch. 
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1.3.3. Surface diffusion in the OS ditch 

The surface-parallel diffusivity profiles shown in Figure 1.9 for a selected W/OS ratio of 50/50 

(v/v) visualize that analyte as well as OS molecules go through a mobility maximum in the OS 

ditch. Although the OS mobility maximum is co-localized with the OS density maximum, the 

analyte mobility maximum is located further toward the bulk mobile phase, as increased contact 

with the less mobile, lower-numbered, bonded-phase groups slows analyte motion down.5 The 

higher-numbered bonded-phase groups at the chain ends are as mobile as the analyte molecules 

themselves (Figure 1.10).  

 

Figure 1.9. Surface-parallel diffusivity profiles for analytes with WīMeOH (left) and WīACN 

mobile phases (right) at a selected W/OS ratio of 50/50 (v/v). For context, the OS, W, and 

bonded-phase density profiles as well as the OS surface-parallel diffusivity profiles are shown 

in the background. The dashed line indicates surface-parallel diffusivity values taken from bulk 

box simulations. 

Figure 1.10 compares the maximum surface-parallel diffusion coefficients, D ,᷆max, of the 

analytes obtained from the respective surface-parallel diffusivity profiles, with MeOH and 

ACN as OS (Figures 1.S4 and 1.S5). Due to the higher viscosity of WīMeOH mixtures,64 the 

D ,᷆max values obtained with WīMeOH mobile phases are clearly below those obtained with 

WīACN mobile phases. The highest D ,᷆max value obtained with MeOH as OS, for benzene at 

80 vol % MeOH, remains below the D ,᷆max value obtained at 80 vol % ACN for the slowest 

compounds, acetophenone and benzyl alcohol. The D ,᷆max curves of the analytes obtained with 

WīMeOH mobile phases exhibit a shallower increase toward high OS fractions than the D ,᷆max 

curves obtained with WīACN mobile phases so that the loss in D ,᷆max compared with WīACN 

mobile phases is largest at 80 vol % OS. At 20 and 80 vol % OS, analytes lose on average 25 

and 37% of D ,᷆max, respectively, with MeOH instead of ACN as OS. Figure 1.10 also shows 

that the last three alkyl groups in the C18 chains, which constitute 80ī100% of the bonded-phase 

presence at z(D ,᷆max), retain their mobility in relation to the D ,᷆max values of the analytes in 

WīMeOH and WīACN mobile phases, that is, the D ,᷆max values of CH3(18) compare with 

those of the apolar analytes and the D ,᷆max values of CH2(17) and CH2(16) with those of the 

moderately polar ones. 
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Figure 1.10. Maximum surface-parallel diffusivity of analytes and selected bonded-phase 

groups with WīMeOH (left) and WīACN mobile phases (right) at W/OS ratios between 80/20 

and 20/80 (v/v). 

Because liquid chromatography relies on differential effects, we are most interested in the 

lateral mobility gain that analyte molecules experience from surface diffusion in the ditch 

compared with their diffusivity in the bulk liquid region. The maximum lateral mobility gain, 

D ,᷆max/D ,᷆bulk, is shown separately for the apolar and the moderately polar analytes in 

Figure 1.11. Surprisingly, the data reveal that WīMeOH mobile phases can offer a larger 

mobility gain from surface diffusion than WīACN mobile phases, particularly to apolar 

analytes at low to medium OS volume fractions in the mobile phase. This is noteworthy because 

the OS excess-related solvent viscosity difference between bulk region and z(D ,᷆max) is 

generally lower for WīMeOH mobile phases and at 20 and 30 vol % MeOH even positive and 

thus unfavorable to the diffusive mobility.64 Figure 1.11 therefore indicates the existence of 

another influence on surface diffusion with the potential to override the OS excess-related 

solvent viscosity changes.  

 

Figure 1.11. Maximum lateral mobility gain from surface diffusion for apolar (left) and 

moderately polar analytes (right) with WīMeOH and WīACN mobile phases at W/OS ratios 

between 80/20 and 20/80 (v/v). 



Chapter 1 

 

 

37 

  

The observation that apolar analytes at low OS volume fraction profit most regarding their 

lateral mobility gain from MeOH as OS points to the retentive conditions as the key influence. 

In RPLC, MeOH has lower eluting power than ACN, which means that compounds are more 

retained on the same column with MeOH than with ACN at a given W/OS ratio. Generally, 

analyte retention decreases with increasing OS volume fraction in the mobile phase and is 

higher for apolar than polar analytes of similar size. For a C18 phase equilibrated with WīACN 

mobile phases, previous studies involving benzene, ethylbenzene, acetophenone, and benzyl 

alcohol as analyte compounds had revealed that more retentive conditions translate to a higher 

number of contacts between analyte molecules and bonded-phase groups at z(D ,᷆max).
16 This is 

not trivial, as the complete analyte density in the solvated stationary phase counts toward 

macroscopic analyte retention. Figure 1.12 confirms that WīMeOH mobile phases consistently 

entail more bonded-phase contacts for analyte molecules at z(D ,᷆max) than WīACN mobile 

phases, in agreement with the respective eluting power of MeOH and ACN in RPLC. Because 

apolar compounds have less of their overall density located in the interfacial region than 

compounds with polar groups,16 the bonded-phase contacts at z(D ,᷆max) do not strictly reproduce 

the macroscopic retention order of apolar vs polar analytes of similar size at every W/OS ratio. 

On the whole, however, the data in Figure 1.12 reflect that the apolar compounds tend to have 

more bonded-phase contacts at z(D ,᷆max) than their moderately polar counterparts.  

 

Figure 1.12. Average number of bonded-phase contacts per analyte molecule (CBP) for apolar 

(left) and moderately polar analytes (right) at their surface-parallel diffusivity maximum with 

WīMeOH and WīACN mobile phases at W/OS ratios between 80/20 and 20/80 (v/v). 

We have previously shown that a high number of contacts with the flexible ends of the C18 

chains enhances the lateral mobility of analyte molecules in the ditch.16,31 Bonded-phase 

contacts count toward a more hydrophobic analyte environment, which is principally favorable 

to the analyte diffusivity as it lowers the local viscosity. Whether contact with the bonded-phase 

groups increases or detracts from the analyte mobility in the ditch, however, depends on the 

mobility of the bonded-phase groups themselves and on the OS volume fraction in the mobile 

phase.5,16,30 The latter determines the analyte environment in the ditch, that is, the number of 

bonded-phase contacts through the retentive conditions as well as the number of contacts with 

W and OS molecules through the local solvent composition.44  
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To distinguish between the influence of bonded-phase contacts and that of the local solvent 

composition on the analyte diffusivity in the ditch, we previously introduced the concept of 

active and passive stationary-phase contributions to surface diffusion.16,30 The active (direct) 

stationary-phase contribution originates from the bonded-phase contacts of analyte molecules 

in the ditch, whereas the passive (or indirect) stationary-phase contribution originates from the 

hydrophobic effect, which causes the OS excess in the ditch and the ensuing viscosity difference 

to the bulk mobile phase. Active and passive stationary-phase contribution are related through 

the experimental conditions: A high number of bonded-phase contacts for analyte molecules in 

the ditch signifies highly retentive conditions, realized at low OS volume fractions in the mobile 

phase, which in turn signify high OS excess in the ditch (Figure 1.4). 

The active stationary-phase contribution is quantified by comparing the observed D ,᷆max values 

with diffusivity values expected for the local solvent composition at z(D ,᷆max). Figure 1.13 

shows that the active stationary-phase contribution to D ,᷆max (i) decreases with the OS volume 

fraction in the mobile phase, (ii) is larger for the apolar than the moderately polar analytes, and 

(iii) is larger with MeOH than ACN as OS. The observed larger mobility gain with WīMeOH 

mobile phases can thus be attributed to an increased active stationary-phase contribution to 

surface diffusion and ultimately to the lower eluting power of MeOH compared with ACN.  

 

Figure 1.13. Active stationary-phase contribution to the maximum surface-parallel diffusivity 

of apolar (left) and moderately polar analytes (right) with WīMeOH and WīACN mobile 

phases at W/OS ratios between 80/20 and 20/80 (v/v). 

The retentive conditions provide, however, no explanation for why the moderately polar 

analytes have a lower mobility gain with WīMeOH than WīACN mobile phases at high OS 

volume fraction in the mobile phase (Figure 1.11). We return to this question in the next section. 

1.3.4. Influence of analyte properties on surface diffusion 

At last, we review the generated diffusivity data for evidence about the influence of analyte 

properties on the lateral mobility gain from surface diffusion. In previous work with a limited 

analyte set and WīACN mobile phases, we concluded that the lateral mobility gain from 

surface diffusion decreases with increasing analyte polarity and size.5 In view of the data from 

the extended analyte set and mobile-phase compositions shown in Figure 1.11, we have to 



Chapter 1 

 

 

39 

  

correct our original statement. The inverse relation between the lateral mobility gain and the 

compound polarity is confirmed, but an influence of the molecular size is not recognizable.  

Before we come to the surface diffusivity, we evaluate the dependence of the bulk diffusion 

coefficient, D ,᷆bulk, on the OS type and W/OS ratio of the mobile phase. Figure 1.14 reflects 

several known relationships:65 (i) analytes have consistently lower D ,᷆bulk values in WīMeOH 

mixtures due to the inverse relationship between the bulk diffusivity and the solvent viscosity 

(fractional StokesīEinstein relationship); (ii) compounds with polar groups have lower D ,᷆bulk 

values than apolar compounds of comparable size due to the slowing effect of soluteīsolvent 

HBs; and (iii) the D ,᷆bulk values of apolar compounds decrease with increasing size or van der 

Waals volume. The D ,᷆bulk values of the moderately polar analytes do not decrease with their 

van der Waals volumes because of the influence of the respective HB capabilities of the 

compounds. The highly similar D ,᷆bulk values of acetophenone and benzyl alcohol, for example, 

can be explained by an offset between the larger van der Waals volume of acetophenone and 

the higher number of soluteīsolvent HBs formed by benzyl alcohol.5  

 

Figure 1.14. Surface-parallel diffusivity of apolar and moderately polar analytes in bulk 

WīMeOH (left) and WīACN mixtures (right) at W/OS ratios between 80/20 and 20/80 (v/v). 

The observations made about the D ,᷆bulk curves of the analytes also apply to their D ,᷆max curves 

(Figure 1.10), that is, the influence of analyte and OS properties on the surface diffusivity is 

largely predicted by the analyte diffusivity in the respective bulk liquid. For example, the D ,᷆bulk 

values of the analytes increase less at high MeOH volume fractions than at high ACN volume 

fractions, and this is the main reason for the rather flat D ,᷆max curves obtained with WīMeOH 

mobile phases. 

Returning to Figure 1.11, differences between the analytes regarding the lateral mobility gain 

from surface diffusion are recognizably related to the absence or presence of polar groups in a 

compound. Because apolar analytes do not require solvent association, their D ,᷆max/D ,᷆bulk curves 

are fully explained by the passive and active stationary-phase contributions to surface diffusion. 

Analytes with polar groups are less retained than apolar analytes of comparable size and 

consequently receive a reduced active stationary-phase contribution. The inferior retention of 

analytes with polar groups is caused by the need for (primarily) W association, which limits 
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their density accumulation in the solvated stationary phase.31,44 In the ditch, these analytes 

orient their polar groups toward the bulk region (Figures 1.S6ī1.S8) to sustain HBs with 

solvent molecules of the mobile phase (Figure 1.15), which has a retarding effect on their 

surface diffusivity.5 The importance of soluteīsolvent HBs and the reduced active stationary-

phase contribution explain why the D ,᷆max/D ,᷆bulk curves of the moderately polar analytes with 

MeOH as OS are only modestly elevated above the D ,᷆max/D ,᷆bulk curves with ACN between 20 

and 50 vol % OS and then decrease sharply at >50 vol % OS. Unlike ACN, MeOH has the HB 

capabilities to substitute W in soluteīsolvent HBs. This ensures that soluteīsolvent HBs persist 

at declining W volume fraction in the mobile phase (Figure 1.15), which pushes the lateral 

mobility gain of the moderately polar analytes in WīMeOH mobile phases below the gain in 

WīACN mobile phases at Ó60 vol % OS. Overall, the diffusivity data clearly reveal the 

influence of analyte and OS hydrogen-bonding properties on the lateral mobility gain of 

moderately polar compounds from surface diffusion in RPLC. 

 

Figure 1.15. Average number of soluteīsolvent HBs per analyte molecule for moderately polar 

analytes at their surface-parallel diffusivity maximum with WīMeOH and WīACN mobile 

phases at W/OS ratios between 80/20 and 20/80 (v/v).  

1.4. Conclusions 

In this study, we investigated the underlying principles of OS excess adsorption by the 

hydrophobic stationary phase from the WīOS mobile phase in RPLC and the consequences for 

the surface diffusion of typical analytes. The data for this task were obtained from MD 

simulations in a slit pore model of a silica-based, endcapped, C18 stationary phase equilibrated 

with WīMeOH and WīACN mobile phases over a wide range of W/OS ratios. 

Analysis of the simulated OS excess adsorption isotherms revealed that positive OS excess is 

generated in the interfacial ditch and characterized by a local maximum in the WīOS HB 

density. The superior HB capabilities of MeOH compared with ACN translate to increased 

WīOS HB density in the ditch and thus a lower amount of positive MeOH excess. Simply 
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expressed, the high affinity of MeOH for the formation of WīOS HBs at the soft, hydrophobic 

surface drags a larger amount of W from the mobile phase into the solvated stationary phase. 

This conclusion explains also the experimental OS excess adsorption data obtained for RPLC 

columns with mobile phases containing MeOH, ethanol, isopropanol, tetrahydrofuran, or ACN 

as the OS.35ī37 Typically, an OS with a lower Hansen hydrogen-bond parameter66 equals a 

larger amount of positive OS excess on a given RPLC column. Considering this empirical 

evidence, our results support the general conclusion that the amount of positive OS excess 

observed with different WīOS mobile phases in RPLC depends primarily on the respective HB 

properties of the OS.  

Although the MeOH ditch contains less OS excess and thus offers a less favorable solvent 

viscosity change from the bulk region than the ACN ditch, the mobility gain of analytes from 

surface diffusion compared with their diffusivity in the bulk region can be larger with 

WīMeOH mobile phases. The lower eluting power of MeOH translates to a higher number of 

contacts between analyte molecules and the flexible bonded-phase groups in the ditch. These 

bonded-phase contacts are largely favorable to surface diffusivity, an advantage that is fully 

adopted by the apolar analytes. Analyte molecules with polar groups, however, sustain 

soluteīsolvent HBs in the ditch, which dampens their surface diffusivity compared with apolar 

analytes in general and with WīMeOH compared with WīACN mobile phases in particular, 

as MeOH entails a larger number of soluteīsolvent HBs. 

From the conclusions about the mobile-phase contribution to OS excess adsorption and surface 

diffusion, the hydrogen-bonding capabilities of the mobile-phase solvents and, to a lesser 

degree, that of analyte compounds emerge as the key to understanding interfacial phenomena 

in RPLC. 
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1.5. Supporting information  

Table 1.S1. Number of W, MeOH, and ACN molecules in the simulation box and organic-

solvent (OS) mole fraction in the true bulk region of the RPLC slit pore at a given OS volume 

fraction in the mobile phase. 

OS W MeOH W ACN 

vol % NW NMeOH cMeOH,bulk NW NACN cACN,bulk 

       
2 36397 691 0.00925 36701 579 0.00604 

5 34878 1479 0.02401 35170 1228 0.01717 

10 32892 2500 0.04864 32000 2199 0.03762 

20 29076 4254 0.09874 27494 3689 0.07934 

30 25372 5980 0.15794 23970 4902 0.12423 

35 - - - 22182 5669 0.15463 

40 21735 7669 0.22605 20432 6227 0.18283 

50 18198 9318 0.30733 16980 7440 0.25257 

60 14648 10923 0.39722 13601 8568 0.33107 

70 11028 12529 0.50885 10167 9741 0.43750 

80 7383 14098 0.63762 6647 10842 0.57656 

90 3670 15591 0.79972 3368 11832 0.75393 

95 1783 16322 0.89450 1733 12436 0.86643 

98 726 16736 0.95598 741 12774 0.94345 

99 350 16789 0.97779 423 12911 0.96922 
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Table 1.S2. Maximum distance between donor X-H and acceptor X atoms for solvent solvent 

HBs with W MeOH and W ACN mobile phases. 

 rHB (nm) 

 H (W) O (W) H (MeOH) O (MeOH) 

     
O (W) 0.25 0.35 0.26 0.34 

O (MeOH) 0.25 0.34 0.25 0.33 

H (MeOH) - 0.26 - 0.25 

N (ACN) 0.26 0.34 - - 

 

Table 1.S3. Maximum distance between donor X-H and acceptor X atoms for solute solvent 

HBs with W MeOH mobile phases. 

 rHB (nm) 

 H (W) O (W) H (MeOH) O (MeOH) 

     
O (Acetophenone) 0.25 0.33 0.27 0.33 

O (Benzyl alcohol) 0.26 0.36 0.26 0.35 

O (Phenol) 0.26 0.36 0.26 0.35 

H (Benzyl alcohol) - 0.27 - 0.27 

H (Phenol) - 0.27 - 0.26 
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Table 1.S4. Maximum distance between donor X-H and acceptor X atoms for solute solvent 

HBs with W ACN mobile phases. 

 rHB (nm) 

 H (W) O (W) N (ACN) 

    
O (Acetophenone) 0.26 0.34 - 

O (Benzyl alcohol) 0.26 0.36 0.35 

O (Phenol) 0.26 0.36 0.34 

H (Benzyl alcohol) - 0.26 0.30 

H (Phenol) - 0.27 0.28 
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Table 1.S5. Contribution of each OS density peak to the total number of OS molecules in the 

solvated stationary phase at a given OS volume fraction in the mobile phase. OS density peaks 

are numbered according to their distance from the silica surface. 

OS W MeOH W ACN 

vol % Peak 1 Peak 2 Peak 3 Ditch Peak 1 Peak 2 Peak 3 Ditch 

         
2 0.94 0.32 0.03 98.71 0.34 1.84 0.47 97.35 

5 0.89 0.27 0.02 98.82 0.45 1.96 0.71 96.88 

10 1.51 0.32 0.04 98.13 0.97 2.37 0.76 95.90 

20 1.94 0.90 0.25 96.91 1.02 2.26 1.55 95.17 

30 1.95 0.93 0.30 96.82 1.03 2.55 1.59 94.83 

35 - - - - 0.58 2.25 1.58 95.59 

40 2.30 0.71 0.31 96.68 0.98 2.06 1.56 95.40 

50 2.50 1.00 0.65 95.85 0.92 2.06 1.87 95.15 

60 2.65 1.08 0.86 95.41 1.30 2.34 2.62 93.74 

70 2.84 1.19 1.01 94.96 0.95 2.49 2.64 93.92 

80 4.02 1.34 1.35 93.29 1.42 2.05 2.81 93.72 

90 6.22 1.57 2.16 90.05 2.84 2.51 4.53 90.12 

95 5.36 0.82 1.47 92.35 2.61 1.67 4.12 91.60 

98 5.99 0.52 1.58 91.91 3.38 1.27 4.23 91.12 

99 5.46 0.34 1.23 92.97 3.51 1.12 4.47 90.90 
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Figure 1.S1. W density profiles obtained from MD simulations in the RPLC slit-pore model 

with W MeOH (left) and W ACN mobile phases (right) at W/OS ratios between 98/2 and 1/99 

(v/v). Number densities were calculated from the O atom of W. 

 

Figure 1.S2. MeOH MeOH hydrogen bond (HB) number density profiles, normalized to the 

bulk region of the pore, for W MeOH mobile phases at W/MeOH ratios between 80/20 and 

20/80 (v/v). 
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Figure 1.S3. W W HB number density profiles, normalized to the bulk region of the pore, for W

MeOH (left) and W ACN mobile phases (right) at W/OS ratios between 80/20 and 20/80 (v/v). 

Dashed lines indicate the OS density maxima. 
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Figure 1.S4. Surface-parallel diffusivity profiles for the apolar analytes naphthalene, ethylbenzene, 

and benzene (top to bottom) with W MeOH (left) and W ACN mobile phases (right) at W/OS 

ratios between 80/20 and 20/80 (v/v). Dashed lines indicate diffusivity values taken from bulk box 

simulations. 
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Figure 1.S5. Surface-parallel diffusivity profiles for the moderately polar analytes acetophenone, 

benzyl alcohol, and phenol (top to bottom) with W MeOH (left) and W ACN mobile phases (right) 

at W/OS ratios between 80/20 and 20/80 (v/v). Dashed lines indicate diffusivity values taken from 

bulk box simulations. 
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Figure 1.S6. Orientation of acetophenone molecules at their surface-parallel diffusivity maximum 

in the ditch generated with W MeOH (left) and W ACN mobile phases (right) at W/OS ratios 

between 80/20 and 20/80 (v/v). Shown are probability distributions for the cosine of the angle Ŭ 

between the surface normal and the indicated molecular vector. 

 

Figure 1.S7. Orientation of benzyl alcohol molecules at their surface-parallel diffusivity maximum 

in the ditch generated with W MeOH (left) and W ACN mobile phases (right) at W/OS ratios 

between 80/20 and 20/80 (v/v). Shown are probability distributions for the cosine of the angle Ŭ 

between the surface normal and the indicated molecular vector. 
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Figure 1.S8. Orientation of phenol molecules at their surface-parallel diffusivity maximum in the 

ditch generated with W MeOH (left) and W ACN mobile phases (right) at W/OS ratios between 

80/20 and 20/80 (v/v). Shown are probability distributions for the cosine of the angle Ŭ between the 

surface normal and the indicated molecular vector. 
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Abstract 

 

Reversed-phase liquid chromatography (RPLC) operates with waterīorganic solvent (WīOS) 

mobile phases where preferential solvation (PS) of solutes is likely. To investigate the relevance 

of the solute solvation shell in the mobile phase for RPLC retention, we combine data from 

molecular dynamics simulations of small, neutral solutes (six analytes and two dead time 

markers) in Wīmethanol (MeOH) and Wīacetonitrile (ACN) mixtures with corresponding 

retention data obtained on an RPLC column over a wide range of W/OS ratios. Data derived 

from KirkwoodīBuff integrals show PS by the OS for analytes vs low or negative PS for dead 

time markers. WīACN mixtures generate a higher amount of PS than WīMeOH mixtures, 

which contributes to the higher eluent strength of ACN in RPLC. Difference spatial distribution 

functions reveal anisotropic solvation shells with OS excess at hydrocarbon elements and W 

excess at functional groups, predicting that retention by the hydrophobic stationary phase is 

favored by hydrocarbon elements and limited by functional groups. Analysis of soluteīsolvent 

hydrogen bonds pinpoints the hydrogen-bond requirements toward W as the retention-limiting 

factor. The relation between the solute solvation shell and retention confirms the importance of 

WīOS and soluteīW hydrogen bonding for RPLC retention. 
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2.1. Introduction  

Chemical separations in high-performance liquid chromatography (HPLC) occur in a column 

that contains the stationary phase as a macroīmesoporous bed fixed inside a stainless-steel 

tube.1 The stationary phase consists of the solid support structure, typically silica, and the 

chemically bonded phase. The liquid mobile phase is pressure-driven through the column, first 

to solvate the stationary phase (the silica surface and the bonded phase) and then, after sample 

injection, to elute the solutes (analytes) sequentially from the column. The macroscopic result 

of this process for a given analyte is quantified by the retention factor k, which gives the 

retention time tr that an analyte has spent on the column relative to the time t0 that an 

approximately inert solute (referred to as a dead time marker) has spent on the column: 
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The retention factor reflects the ratio between the number of analyte molecules in the stationary 

phase, NSP, and the number of analyte molecules in the mobile phase, NMP, and is directly 

proportional to the analyte distribution coefficient K via the phase ratio ɓ of the column: 
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where cSP and cMP are the analyte concentrations in the stationary phase and the mobile phase, 

respectively, and VSP and VMP are the volumes occupied by the stationary phase and the mobile 

phase in the column. Equations 2.1 and 2.2 reflect that solutes with higher affinity for (and thus 

higher concentration in) the stationary phase are more retained and spent more time on the 

column. 

There are three HPLC modes that use binary solvent mixtures as mobile phases: reversed-phase 

liquid chromatography (RPLC), hydrophilic interaction liquid chromatography (HILIC), and 

normal-phase liquid chromatography (NPLC).2 The modes differ in the combination of column 

functionality and mobile-phase composition and cover different (though overlapping) analyte 

spectra. Based on the principle that ñlike dissolves likeò and thus ñlike retains likeò, column 

selection is largely guided by solute polarity: solutes of low to moderate polarity are separated 

by RPLC on columns with hydrophobic functionality, such as octadecylsilane (C18) columns, 

and solutes of moderate to high polarity are separated by HILIC on columns with hydrophilic 

functionality, such as aminopropyl columns. The same hydrophilic columns are also used in 

NPLC to separate solutes that are of medium to high polarity overall but contain polar 

functional groups. Mobile phases for NPLC are typically free of water (W), whereas RPLC and 

HILIC work with Wīorganic solvent (OS) mixtures as mobile phases, although HILIC is much 

more restrictive than RPLC regarding the W/OS ratio and the OS type.3 

The common mobile-phase concept of RPLC, HILIC, and NPLC is the combination of a 

ñstrongò eluent with a ñweakò eluent, which allows one to adjust the overall elution strength of 

the mobile phase through the W/OS or OS/OS ratio.1 Importantly, the weak eluent is defined 

relative to the column functionality. Thus, W is the weak eluent in RPLC but the strong eluent 

in HILIC, and methanol is a weak eluent in RPLC but a strong eluent in NPLC.1,2 Eluent 

strength quantifies the effect of a given solvent as a mobile-phase component on analyte 
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retention in a certain HPLC mode. Although several, more or less elaborate, eluent-strength 

scales were developed empirically for HPLC practice,4 a physicochemical explanation of eluent 

strength from the molecular-level picture has not been pursued yet. Considering the range of 

solvent interactions present in a typical liquid chromatographic system (i.e., solventīsolvent, 

solventīsolute, solvent-bonded phase, and solventīsilica surface), it is evident that the 

contribution of a particular eluent to analyte retention is complex and likely depends more or 

less sensitively on the other components in the system.5 

Equation 2.2 reflects that analyte retention has a stationary-phase side and a mobile-phase side. 

The mobile-phase solvents, however, contribute to both sides, as solvent molecules are an 

integral part of the solvated stationary phase.6ī8 Because solute interactions with the stationary 

phase are the guiding principle for column selection in HPLC practice, molecular simulation 

studies of RPLC and HILIC retention have focused largely on the stationary-phase side.7ī25 But 

before silica pore models for the stationary phase became the standard, Siepmann and 

coworkers deduced important aspects of the RPLC retention mechanism from Monte Carlo 

simulations of the partitioning of simple solutes (short n-alkanes and n-alkanols) between a 

liquid W or WīOS phase and a liquid n-alkane or n-alkanol phase.26ī28 One study28 revealed 

that, in WīMeOH and WīACN phases, the methylene groups of the solutes were preferentially 

solvated by OS and the hydroxyl groups by W. Moreover, Siepmann and co-workers proved 

that the observed preferential solvation (PS) was not due to preexisting solvent clusters in the 

microheterogeneous WīOS mixtures.28 

As the PS of solutes in the kind of WīOS and OSīOS mixtures that are used as mobile phases 

in RPLC, HILIC, and NPLC has been reported for decades,29ī33 the PS of analytes in the bulk 

liquid mobile phase is probably the rule rather than the exception. In the chromatographic 

literature, the consequences of PS have only been considered for solvatochromic indicators.34,35 

Their PS is viewed as problematic because it compromises their ability to reflect bulk liquid 

properties, specifically the elution strength of the mobile phase. The probable existence of 

individual solute environments in the mobile phase due to PS, however, questions not only the 

significance of indicator-based elution strength scales but also the general concept of the elution 

strength as a bulk liquid property. But what if the individual solute environments are indicative 

of the mobile-phase elution strength and to some degree even of solute-specific retention? 

In this work, we attempt to answer this question for RPLC separation of small molecules. We 

combine data from molecular dynamics (MD) simulations of small, neutral solutes in WīOS 

mixtures with experimental retention data obtained for these solutes on a C18 column to 

investigate the potential connection between the solute solvation shell in the bulk liquid mobile 

phase and analyte retention by the hydrophobic stationary phase. Conditions were selected to 

represent the majority of RPLC separations in practice, which are carried out on silica-based, 

end-capped, C18 columns with MeOH or ACN as OS. MeOH is a weaker eluent than ACN in 

RPLC, which means that, at equal OS mole fraction in the mobile phase, solutes have higher 

retention factors with MeOH than ACN as OS. The solute ensemble (Figure 2.1) comprises 

three apolar and three moderately polar analytes plus two barely retained compounds (dead 

time markers) to cover a wide range of experimental retention factors and solute polarities. 
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Figure 2.1. Molecular structures and logKOW values36,37 of the investigated RPLC analytes 

(logKOW > 0) and dead time markers (logKOW < 0). Color code: C, H, N, and O atoms are in 

gray, white, blue, and red, respectively. Representations of solute structures were generated 

using the molecular visualization program VMD.38 

Like eluent strength, solute polarity is an empirical concept in HPLC. Unlike eluent strength, 

solute polarity is more closely (but not unequivocally) related to the molecular structure. It is 

easily understood from the molecular structure that ethylbenzene has a solute polarity lower 

than that of benzyl alcohol, for example, but the solute polarity difference between benzyl 

alcohol and phenol is not so obvious. There is yet no unequivocal measure of the solute polarity 

regarding HPLC retention. In this study, we quantify solute polarity by the logarithm of the 

(experimental) n-octanolīwater partition coefficient, logKOW (Figure 2.1).36,37 A higher logKOW 

value indicates a lower solute polarity and thus a higher retention on a C18 column. 

Conceptually, KOW refers to the solute distribution between a neat W mobile phase and the 

solvated stationary phase as represented by n-octanol.39 The concept completely neglects the 

OS as an essential system component but has proven surprisingly useful to select an appropriate 

HPLC mode and predict the retention order of a given solute ensemble. The KOW of a solute 

depends critically on its hydrogen-bond (HB) acceptor properties, specifically on the extent to 

which the solute requires HB donation from the solvent. Because W has superior HB donor 

abilities to alcohols, solutes with lower HB acceptor requirements will partition more readily 

from the W phase into the n-octanol phase.40 The hydroxyl group of phenol is part of the 

aromatic system, which reduces the HB acceptor requirements compared to benzyl alcohol and 

explains why phenol has a higher logKOW value than benzyl alcohol. 
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Interestingly, the liquidīliquid partition coefficients of the solutes forecast their RPLC retention 

behavior: analytes and dead time markers are distinguished by positive and negative logKOW 

values, respectively, and apolar and polar analytes are distinguished by the relation between 

their KOW and their n-hexadecaneīwater partition coefficient, KHW. For apolar analytes, logKOW 

å logKHW, whereas logKOW > logKHW for polar analytes.37 We return to this observation below. 

2.2. Methods 

2.2.1. Chromatography 

2.2.1.1. Chemicals 

HPLC-grade water was obtained from a Milli-Q gradient water purification system (Millipore, 

Bedford, MA), and HPLC-grade MeOH, ACN, and acetone were purchased from Fisher 

Scientific (Loughborough, Leics., U.K.). Naphthalene, ethylbenzene, acetophenone, and uracil 

were bought from Sigma-Aldrich (Steinheim, Germany, and Buchs, Switzerland); benzene was 

from Merck (Darmstadt, Germany); benzyl alcohol was from Gr¿ssing (Filsum, Germany); and 

phenol was from Riedel de Ha±n (Seelze, Germany). All chemicals had a purity of 99% 

minimum. 

2.2.1.2. Apparatus and column 

Chromatographic experiments were performed on a 1220 Infinity HPLC system or a 1290 

Infinity II UHPLC system (Agilent Technologies, Waldbronn, Germany) equipped with a 

binary solvent pump with a built-in degasser, an autosampler with 20 ɛL injection loop, a 

column thermostat, and a diode array detector. The system was controlled via the ChemStation 

software. The RPLC column (4.6 mm inner diameter × 150 mm length), a research prototype 

generously offered by Waters (Milford, MA), was packed with 5 ɛm high-strength-silica 

particles that were functionalized with dimethyl-n-octadecylsilane (C18) chains at a surface 

density of 2.7 ɛmol/m2 and end-capped with trimethylsilane groups to a final C load of 13.9%. 

2.2.1.3. Measurement of retention factors and elution times 

Chromatographic experiments were carried out at a flow rate of 1 mL/min and temperature of 

T = 300 ± 0.1 K with WīMeOH and WīACN mobile phases containing between 10 and 90 vol 

% OS, depending on the analyte. Retention data for the least retained analytes (phenol and 

benzyl alcohol) were acquired from 10 vol % OS to observe a sufficient range of k values; 

retention data for the most retained analytes (ethylbenzene and naphthalene) were acquired 

from 40 vol % MeOH and 30 vol % ACN to avoid excessive retention times on the column (k 

> 100). Retention factors for ethylbenzene, benzene, acetophenone, and benzyl alcohol with 

WīACN mobile phases were taken from a previous study.22 

Each compound was analyzed separately using an appropriate detection wavelength within 

ɚ = 200ī280 nm. Injected samples contained the compound plus uracil as a dead time marker 

dissolved in the current mobile phase. Where necessary for solubility, the OS volume fraction 

in the sample eluent was raised above the current mobile-phase level. This did not lead to split 

or excessively distorted peaks, as the injected sample volume was kept low (1ī5 ɛL). Please 

note that analyte solubility in the running mobile phase is not an issue once the sample has 
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entered the column because in the present chromatographic system, conditions of low solubility 

in the mobile phase (i.e., apolar compounds at low OS volume fractions) are also conditions of 

strong retention by the C18 stationary phase. Strongly retained analyte molecules rarely enter 

the bulk liquid and move mostly via surface diffusion along the solvated stationary phase 

through the column.22,41 Retention factors k for the analyte compounds were calculated 

according to eq 2.1 from the respective elution times of the analyte and uracil as determined 

through the ChemStation software and reflect the average of two to four measurements. 

2.2.2. Simulations 

2.2.2.1. Force-field selection 

Our forcefield selection evolved from our previous MD simulation studies of chromatographic 

systems.3,6,8,18,19,22ī25 Solute molecules (Figure 2.1) were treated with the CHARMM general 

force field,42 WīMeOH mixtures were modeled with the TIP4P/2005 force field for W 

molecules43 and the united-atom version of the transferable potentials for phase equilibria (UA-

TraPPE) for MeOH molecules,44 and WīACN mixtures were modeled with the extended 

simple point charge (SPC/E) force field for W molecules45 and the UA-TraPPE force field for 

ACN molecules.46 The force-field combinations for the WīOS mixtures have been validated 

by comparison with experimental density and self-diffusivity data.6,47 Preparatory simulations 

using different W force fields in conjunction with the respective UA-TraPPE force field for the 

OS had shown that the experimental self-diffusivities of W and MeOH in WīMeOH mixtures 

at 298.15 K were overall best recovered by the TIP4P/2005 force field, whereas the 

experimental self-diffusivities of W and ACN inWīACN mixtures at 298.15 K were, averaged 

over the range of W/OS ratios, better described by the SPC/E force field. Solvent densities were 

recovered very well by both W force fields. To remain consistent with our previous and future 

MD simulation studies in which diffusivity is addressed, we chose the force-field combinations 

that best recovered the experimental properties of the respective WīOS mixture. The 

CHARMM general force field for solutes has been validated by comparison with experimental 

retention data.22 

2.2.2.2. Simulation protocol 

Bulk box simulations were carried out with GROMACS version 2020.648,49 for WīMeOH and 

WīACN mixtures containing between 2 and 99 vol % OS. Each solute compound was 

simulated individually. The simulation box contained Nsolvent = 20,000 and Nsolute = 10, 

corresponding to a solute concentration between 10 and 30 mmol/L at 2 and 99 vol % OS, 

respectively. The solute concentrations reflect the conditions in analytical HPLC and deliver 

good statistics within reasonable simulation times. Conceptually, Nsolute = 1 could be used in 

the simulations due to the equality of time average and ensemble average.50 The limited 

solubility of apolar solutes in W-rich mixtures observed in practice thus has no bearing on the 

simulations. 

The simulations were performed for 10ī20 ns as NpT ensemble (constant number of molecules 

N = Nsolvent + Nsolute = 20,010, pressure p, and T = 300 K) and continued for 50 ns as NVT 

ensemble (constant N, simulation box volume V, and T). Because of the different molecular 

volumes of the solvents, the simulation box volume depended on the OS type in and the OS 
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content of the mixture (V = 608ī1726 nm3). The temperature was controlled by a Nos®īHoover 

thermostat. Energy minimization was conducted with the steepest-descent method. Initial 

velocities were randomly assigned according to a MaxwellīBoltzmann distribution. Long-

range electrostatic interactions were provided by the particle-mesh Ewald algorithm. 

Nonbonded interactions were modeled with a 12-6 Lennard-Jones potential. LennardīJones 

parameters for unlike interactions were obtained from the LorentzīBerthelot combination rules. 

A validated cutoff radius of 1.4 nm was used for all interactions.51 Equations of motion were 

integrated with a time step of 1 fs. The output frequency was set to 0.5 ps.  

Simulations were performed on 72 cores of the high-performance computer HoreKa of the 

Steinbuch Center for Computing at the Karlsruhe Institute of Technology (Karlsruhe, 

Germany). A total of 500,000 core hours was used. 

2.2.3. Data analysis 

2.2.3.1. Limiting linear preferential solvation  

First, soluteīW and soluteīOS radial distribution functions (RDFs), gSW(r) and gSOS(r), 

respectively, were calculated from 25 ns trajectories using a bin size of 0.01 nm. Solute 

molecules were represented by their center-of-mass (com), and solvent molecules were 

represented by their heteroatom (X = N, O). Additional RDFs were calculated using the CH3 

united-atom groups of the OS molecules, as the merits of a particular OS representation were 

not evident at first. RDFs are based on pairwise distances. Figures 2.S1ī2.S8 in the Supporting 

Information show the radial density distributions of solute(com)īW(O), solute(com)īOS(X), 

and solute(com)īOS(CH3) distances for all solutes, W/OS ratios, and WīOS mobile phases. 

Soluteīsolvent RDFs were smoothed52 and afterward corrected from g(r) = 1 ± 0.01 to g(r) = 

1. The latter was necessary as RDFs involving WīOS mixtures show continued periodic 

fluctuations that prevent KirkwoodīBuff integrals (KBIs) from reaching constant values. By 

definition, integration of RDFs to infinity in closed systems leads to KBI values of 0 or ī1.53 

SoluteīW and soluteīOS KBIs, GSW and GSOS, were therefore approximated from the 

respective RDFs truncated at R = 2.0 nm according to 
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The validity of this approach is detailed in the literature.54 The KBIs were then used to obtain 

the limiting linear PS of the solute with respect to the OS from 

ȟ‏  … … Ὃ Ὃ   (2.5) 

 

Positive values of ‏ȟ  denote PS of the solute by the OS (i.e., a larger amount of OS in the 

solvation shell than present in the bulk liquid WīOS mixture); negative values of ‏ȟ  denote 

PS of the solute by W.53 
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2.2.3.2. Difference spatial distribution functions 

Difference spatial distribution functions (DSDFs) were calculated from 25 ns trajectories 

analogous to the soluteīsolvent RDFs using the com and the X atom to represent solute and 

solvent molecules, respectively. To retain constant positions over the simulation trajectory, 

solute molecules were aligned in a spherical coordinate system with the solute com as the origin 

(Figure 2.S9). Solvent molecules in the vicinity (r Ò 1.5 nm) were rotated with the solute 

molecule to preserve their position relative to the solute molecule. W and OS molecules within 

a radius of r Ò 1.5 nm around a solute molecule were then counted according to their radial 

distance from the solute com using a bin volume of 0.013 nm3. The resulting spatial 

distributions of these number densities correspond to soluteīW and soluteīOS spatial 

distribution functions that are not normalized to the bulk solvent density and can be expressed 

as gSW(x,y,z) · ἂɟW,bulkἃ and gSOS(x,y,z) · ἂɟOS,bulkἃ, respectively, where ἂɟW,bulkἃ and ἂɟOS,bulkἃ are 

the average numbers of W and OS molecules in the ñbulkò bins at r = 1.4ī1.5 nm. The values 

determined for ἂɟW,bulkἃ and ἂɟOS,bulkἃ recover the respective solvent densities in the bulk liquid 

mixtures well. 

DSDFs were then calculated bin-wise as 

 ɝὫ ὼȟώȟᾀ 
Ὣ ὼȟώȟᾀϽộ” ȟ Ớ Ὣ ὼȟώȟᾀϽộ” ȟ Ớ 

(2.6) 

 

and displayed with VMD.38 Bins in the solute solvation environment were represented as W 

excess if ȹgWOS(x,y,z) > 3ἂɟW,bulkἃ and as OS excess if ȹgWOS(x,y,z) < (ī3)ἂɟOS,bulkἃ; bins where 

neither condition was fulfilled were left blank. The (arbitrary) threshold value of three times 

the average bulk solvent density emerged from trial calculations as a compromise that allowed 

a comparison of the immediate solvation environments within the solute ensemble with both 

OS types. 

2.2.3.3. Determination of soluteïsolvent hydrogen bonds 

For determination of soluteīsolvent HBs involving the functional groups XHn (n = 0, 1) of 

polar solute molecules, RDFs between the solute X atom and the solvent (X-)H atom and 

between the solute (X-)H atom and the solvent X atom were calculated from 10 ns trajectories 

using a bin size of 0.01 nm. Cutoff radii rHB for the H and O atoms of W and MeOH and the N 

atom of ACN were taken as the minimum following the first maximum in the respective RDF 

(Tables 2.S1 and 2.S2). The average number of soluteīW and soluteīOS HBs per solute 

molecule, HBsolute(XHn)īW and HBsolute(XHn)īOS, respectively, was calculated as the average 

number of solvent H or X atoms at r Ò rHB. Standard deviations of HBsolute(XHn)īsolvent were 

between Ñ0.01 and Ñ0.05 in WīMeOH mixtures and between Ñ0.01 and Ñ0.08 in WīACN 

mixtures. 

Soluteīsolvent HBs involving the  ́electrons of solute molecules were determined analogously 

based on RDFs calculated between the com of the solute moleculeôs  ́electron system and the 

H atoms of W and MeOH molecules using cutoff radii of 0.30 and 0.32 nm, respectively. 

Standard deviations of HBsolute(́ )īsolvent were between ±0.01 and ±0.02 in both WīOS 

mixtures. 
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2.3. Results and discussion 

2.3.1. Characteristics of RPLC retention with WïMeOH vs WïACN mobile phases 

The success of RPLC in HPLC practice rests not least on the experience that RPLC columns 

with similar stationary-phase properties yield similar and highly reproducible retention data 

under otherwise identical experimental conditions. The chromatographic data shown in 

Figures 2.2 and 2.3 were acquired on a particular C18 column but reflect general retention 

relationships observed in RPLC separations of small, neutral molecules. 

Figure 2.2 shows the retention data obtained for the six analyte compounds. The realized k 

values far exceed the desirable (2 < k < 10) and acceptable range (1 < k < 20) in HPLC practice 

so that the logk curves reveal nonlinearity, which can be overlooked when only a narrow range 

of k values has to be considered.55 Apparent differences in curve progression (the logk curves 

seem to switch from convex with WīMeOH mobile phases to concave with WīACN mobile 

phases) result from the volumetric OS representation. Because mobile-phase solvents are mixed 

by volume in HPLC practice, chromatographic retention data are usually displayed as a function 

of the OS volume fraction in the mobile phase. When displayed as a function of the OS mole 

fraction, the logk curves of the analytes are generally concave (Figure 2.2), indicating a 

fundamentally nonlinear relationship between logk and the OS content of the mobile phase, as 

suggested previously based on a survey of analyte retention data acquired over 1 < k < 30 on 

various RPLC stationary phases.56 

The data in Figure 2.2 illustrate the main, empirically derived characteristics of small molecule 

separations by RPLC: (i) the retention factor decreases with increasing OS (volume or mole) 

fraction in the mobile phase; (ii) at a given OS mole fraction, the retention factor decreases 

from MeOH to ACN as OS, reflecting that MeOH is a weaker RPLC eluent than ACN; and (iii) 

analyte retention factors decrease with increasing solute polarity as quantified by logKOW. An 

exception to the third relationship is the coelution of phenol and benzyl alcohol with WīMeOH 

mobile phases, a known (but unexplained) mobile-phase selectivity effect.57 In this instance, 

the logKOW prediction must fail because the concept does not take the presence of OS into 

account. 
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Figure 2.2. (Top) Analyte retention factors on a silica-based, end-capped, C18 column with 

WīMeOH (left) and WīACN mobile phases (right) containing between 10 and 90 vol % OS. 

Retention factors were calculated (eq 2.1) using uracil as dead time marker. (Bottom) 

Dependence of analyte retention factors from the OS mole fraction in the WīMeOH (left) and 

WīACN mobile phase (right). Data for WīACN mobile phases partially adapted with 

permission from ref 22. Copyright 2019 American Chemical Society. 

Figure 2.3 shows the elution times of the dead time markers on the C18 column. The concept of 

dead time markers in HPLC is to indicate the border between stationary phase and mobile phase 

by their elution time (t0 in eq 2.1).58 Despite their widespread use, however, neither acetone nor 

uracil is a perfect dead time marker, as both compounds show residual retention on RPLC 

columns.23,59,60 According to Figure 2.3, acetone has longer elution times (signifying higher 

residual retention) than uracil on the C18 column, as consistently reported in the literature and 

predicted by the higher logKOW value of acetone (Figure 2.1). The elution time of acetone 

follows the same dependence from the mobile-phase elution strength as the analyte retention 

factors, whereas the elution time of uracil displays a minimum with WīACN mobile phases 

(but not with WīMeOH mobile phases), indicating the onset of HILIC retention at high ACN 

content of the mobile phase.23,60 These observations reflect the solute polarity of uracil, whose 

logKOW value places it firmly in the range for HILIC analytes, and agree with the results of 

earlier MD simulations,3 which showed why WīMeOH mobile phases do not work in HILIC. 
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Figure 2.3. Elution times of the dead time markers acetone and uracil on the silica-based, end-

capped, C18 column with WīMeOH (left) and WīACN mobile phases (right) containing 

between 10 and 90 vol % OS. 

According to Figure 2.3, both dead time markers have higher elution times with WīMeOH than 

with WīACN mobile phases, which mirror the analyte retention behavior. The 

chromatographic retention data of Figures 2.2 and 2.3 serve as the benchmark against which 

the solvation shell properties of the solutes are compared. In the following, we investigate how 

much of the solute retention behavior is reflected in the solute solvation shells. 

2.3.2. Preferential solvation of solutes in WïMeOH and WïACN mixtures 

Before presenting and analyzing the PS data of the solutes, we briefly discuss the salient 

features of the soluteīsolvent RDFs from which the PS data were derived. Figure 2.4 shows 

exemplarily the solute(com)īW(O) and solute(com)īOS(X) RDFs in WīMeOH and WīACN 

mixtures at an approximately equimolar W/OS ratio. The minimum following the absolute 

maximum in the soluteīsolvent RDFs is usually taken as the limit of the first solvation shell. 

Minima preceding the absolute maximum indicate soluteīsolvent HBs, yet the absence of 

preceding minima does not, in turn, indicate the absence of soluteīsolvent HBs. All analyte 

compounds in this study are HB acceptors through their aromatic  ́electrons,62 but this type of 

weak hydrogen bonding is only resolved in the RDFs of the apolar analytes. (It could be argued 

that soluteīsolvent HBs are incompatible with an apolar solute, but in the context of RPLC 

separations, apolar analytes are hydrocarbon compounds without heteroatoms. Small, aliphatic 

hydrocarbon compounds are typically analyzed by gas chromatography.) Soluteīsolvent HBs 

involving polar functionalities XHn (here, n = 0, 1) are particularly well resolved in the RDFs 

of acetophenone, phenol, and uracil because in these compounds, the polar group is part of the 

conjugated system, which hinders free rotation around the CīX bond. 
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Figure 2.4. Solute(com)īsolvent(X) RDFs obtained from MD simulations of apolar analytes, 

polar analytes, and dead time markers (top, middle, and bottom, respectively) in bulk liquid 

WīMeOH (left) and WīACN mixtures (right) containing 70 vol % OS (å50 mol % OS). 

Figure 2.5 displays the limiting linear PS data of the eight solutes, as obtained from MD 

simulations in bulk liquid WīOS mixtures over the full range of W/OS ratios. All analytes, 

though not the dead time markers, show PS by the OS over the chromatographically relevant 

range of W/OS ratios (10ī90 vol % OS). The PS values of the analytes go through a maximum 

at medium vol % OS. The PS curves of polar analytes may show a (very shallow) minimum 

with (barely) negative PS values, indicating PS by W, at >90 vol % OS. Figure 2.5 shows that 

the amount of PS by the OS for each analyte compound and also the amount of PS by W at the 

OS-rich limit are larger in WīACN than in WīMeOH mixtures. 
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Figure 2.5. Limiting linear PS of solutes in bulk liquid WīMeOH (left) and WīACN mixtures 

(right). PS data were calculated from KBIs based on solute(com)īsolvent(X) RDFs 

(Figure 2.4). 

Importantly, the PS curves of the analytes share these general features with the OS surface 

excess adsorption isotherms of the C18 stationary phase (Figure 2.6), confirming the assumed 

similarity principle (ñlike attracts likeò) between the hydrophobic stationary phase and retained 

solutes. Because of the hydrophobic effect, RPLC columns take up OS excess from the WīOS 

mobile phase over most of the vol % OS range (shown as positive OS excess in the adsorption 

isotherms). This means that the average OS density in the solvated stationary phase is higher 

whereas the average W density is lower than in the mobile phase, except at very high (>95 vol 

%) OS contents of the mobile phase (shown as negative OS excess and thus positive W excess 

in the adsorption isotherms). Chromatographic experiments have consistently shown that C18 

columns exhibit a higher amount of positive as well as negative OS excess with WīACN than 

WīMeOH mobile phases.61 Recent MD simulations6 that recovered the OS surface excess 

adsorption isotherms of a C18 stationary phase revealed that positive OS excess originates in 

the interfacial region, where the flexible part of the bonded-phase chains meets the liquid 

mobile phase (Figure 2.6). The interfacial region, characterized by a smooth, drawn-out decline 

of the bonded-phase density, constitutes a soft, hydrophobic surface, at which ACN molecules 

form fewer WīOS HBs than MeOH molecules, thus dragging fewer W molecules into the 

solvated stationary phase.6 Negative OS excess originates in the bonded-phase region, 

specifically in the solvent layer at the silica surface, visible as sharply defined peaks at 

z = 0.25 nm in the solvent density profiles of Figure 2.6. Negative OS excess is caused by the 

necessary coordination of residual hydroxyl groups at the silica surface by hydrogen-bonded 

solvent molecules. Because MeOH has superior hydrogen-bond properties to ACN, MeOH 

molecules participate more than ACN molecules in silica surface coordination and are better 

able to substitute for W molecules in this respect at an extremely low W content of the mobile 

phase. The origin of negative OS excess was confirmed in early molecular simulation studies 

by the Siepmann group.7 
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Figure 2.6. Relevant properties of C18 columns as visualized through data obtained from 

previous MD simulations in a 10 nm slit-pore model of a silica-based, end-capped, C18 

stationary phase equilibrated with WӇMeOH or WӇACN mobile phases.6 Molar-based, areal-

reduced OS surface excess adsorption isotherms (left) and bonded-phase and solvent density 

profiles (right) at 40 vol % OS (ӽ20 mol % OS) in the mobile phase. Vertical lines indicate the 

approximate borders of the bonded-phase region (solid black) and the interfacial regions (solid 

cyan and dashed blue with 40 vol % MeOH and ACN, respectively). Adapted with permission 

from ref 6. Copyright 2022 American Chemical Society. 

From the similarity between the OS excess adsorption isotherms of the C18 stationary phase and 

the PS curves of the analytes, it can be reasonably inferred that the higher PS amount of analytes 

observed with WīACN mobile phases is also caused by the lower affinity of ACN molecules 

for the formation of WīOS HBs at the (mostly) hydrophobic surface of the analyte molecules. 

This means that the higher eluent strength of ACN compared with MeOH is related to a larger 

extent of PS of analytes by ACN in the bulk liquid, which is consistent with a more congenial 

solute environment favoring higher analyte concentrations in the mobile phase and thus lower 

retention factors (cf. eq 2.1). 

Compared with the analytes, the dead time markers show lower positive PS and higher negative 

PS values (Figure 2.5). In WīMeOH mixtures in particular, the PS values of the dead time 

markers remain close to zero at most W/OS ratios. Additionally, negative PS values are not 

confined to highly OS-rich mixtures but may be observed already at 70 vol % OS, that is, at an 

approximately equimolar presence of W and OS molecules in the bulk liquid. Previous 

molecular simulations of dead time markers in an RPLC slit-pore model23 have shown that the 

density distributions of acetone and uracil in the solvated stationary phase essentially follow 

the W density distribution (cf. Figure 2.6). The density peaks of acetone and uracil are focused 

on the edge of the bonded-phase chains in the interfacial region, where solute molecules can 

maintain some bonded-phase contacts while having sufficient access to W molecules, and on 

the vicinity of the silica surface, where solute molecules have access to surface-bound W 

molecules. (The surface-related density peaks of the dead time markers do not, however, reflect 

RPLC retention.) 

In contrast, the analyte density is inhomogeneously distributed over the length of the bonded-

phase chains. Analyte molecules sample locations of high and low bonded-phase density 
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(bonded-phase and interfacial region, respectively, cf. Figure 2.6), whereby apolar analytes 

have more density in the bonded-phase region (involving more bonded-phase contacts) than 

polar analytes.16,21,22 Consequently, the affinity for the bonded phase (as reflected by the times 

the solutes spent on the column, cf. Figures 2.2 and 2.3) decreases from apolar analytes to polar 

analytes to dead time markers. The observation that dead time markers exhibit a lower extent 

of PS by the OS in WīOS mixtures than analytes confirms our hypothesis that the solute 

solvation shell in the mobile phase mirrors (to some degree) the averaged solute environment 

in the solvated stationary phase if one equates the solute affinity for PS by the OS with the 

solute affinity for the bonded phase. 

The predictive quality of the limiting linear PS values for retention by the C18 stationary phase 

does not extend to solute-specific retention behavior, however, as the comparison of Figure 2.5 

with Figures 2.2 and 2.3 reminds us. Beyond discriminating correctly between (i) larger, apolar 

compounds (ethylbenzene and naphthalene); (ii) smaller and/or polar compounds (benzene, 

phenol, benzyl alcohol, acetophenone); and (iii) dead time markers, the PS values do not reflect 

the solute retention order as predicted by the logKOW values. Limited solute discrimination is 

not the only issue; the PS values of phenol and uracil in WīACN mixtures are contradictory to 

their retention behavior: phenol and uracil have higher PS values at lower (residual) retention 

than those of acetophenone and acetone, respectively. These observations suggest that the PS 

values do not capture the solute-specific retention behavior because qualitative differences 

between the solute solvation shells are not resolved. The KBIs treat the solute as an isotropic 

disturbance of the liquid, and the KBI-derived PS values consequently reflect the range over 

which the solute disturbs the liquid structure until bulk liquid properties are regained. The 

relevant range for chromatographic retention, however, may be restricted to the immediate 

solvation environment of a solute. 

2.3.3. Immediate solvation environment of solutes in WïOS mixtures 

We now change our viewpoint from quantitative and wide range to semiquantitative and short 

range to resolve qualitative differences between the immediate solvation environments of the 

solutes through DSDF analysis based on solute(com)īW(O) and solute(com)īOS(X) SDFs. 

The DSDF analysis visualizes the spatially resolved excess of W over OS molecules or vice 

versa around a solute molecule. To restrict the analysis to the immediate solute environment, 

only excess values above a threshold of three times the bulk liquid density of the respective 

solvent were considered. An apparent absence of excess within the immediate solvation 

environment of a solute indicates either an excess value below the threshold or an equal 

contribution from W and OS molecules to local solvation. Figures 2.7ī2.9 show the immediate 

solute environments at selected W/OS ratios of 40, 70, and 90 vol % OS (corresponding roughly 

to 20, 50, and 80 mol % OS, respectively), that is, in predominantly aqueous, approximately 

equimolar, and predominantly organic WīOS mixtures. How the immediate solvation 

environments of the solutes change over the chromatographically relevant range of W/OS ratios 

is captured by Web-Enhanced Objects 2.1 and 2.2 for WīMeOH and WīACN mixtures, 

respectively. 
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We begin with the DSDFs of the apolar analytes (Figure 2.7), whose retention behavior, 

namely, k(naphthalene) å k(ethylbenzene) > k(benzene), was well reflected by the limiting 

linear PS data. As predicted by the PS data in Figure 2.5, the immediate solvation environment 

of the apolar analytes is dominated by OS even in predominantly aqueous mixtures, and the OS 

excess is larger with ACN than with MeOH as OS. The dominance of OS excess in the solvation 

environments of the apolar analytes is apparent from 30 vol % OS onward (Web-Enhanced 

Objects 2.1 and 2.2). Embedded into the OS excess are defined W clusters that appear above 

the ring electrons of each apolar analyte but are most clearly seen with benzene at 40 vol % OS. 

 

Figure 2.7. Immediate solvation environment of apolar analytes in bulk liquid WӇMeOH (left) 

and WӇACN mixtures (right) containing 40, 70, or 90 vol % OS (top, middle, and bottom, 

respectively). Points indicate the local excess of W over OS (red), MeOH over W (cyan), and 

ACN over W (blue) as derived from DSDF analysis. Only excess values above the threshold 

(three times the bulk liquid density of the respective solvent) are shown. Color code for solute 

atoms: C and H atoms are in gray and white, respectively. 

W clusters over the ring electrons are not visible in the DSDFs of the polar analytes (Figure 2.8), 

but this does not indicate the absence of soluteīW HBs involving  ́electrons, merely less local 

W excess than observed with benzene, for example. The immediate solvation environment of 

the polar analytes is strongly anisotropic and features an OS excess at the hydrocarbon groups 

CHx (x = 0, 1, 2, 3) and W excess at the polar groups XHn. Segregation between OS and W 

excess is more emphasized with ACN than MeOH as OS and at polar groups that are part of 

the conjugated system and thus fixed in the molecular plane (i.e., the carbonyl group of 

acetophenone and the hydroxyl group of phenol). The polar analytes show OS excess at the 

hydrocarbon groups over a comparable range of W/OS ratios but differ in the retention of W 

clusters at their polar groups. At 70 vol % OS, that is, at an approximately equal supply of W 

and OS molecules, the polar groups remain exclusively (acetophenone and benzyl alcohol) or 

predominantly (phenol) solvated by W. At 90 vol % MeOH, the hydroxyl groups of phenol and 

benzyl alcohol are solvated mostly by OS, whereas the W cluster at the carbonyl group of 
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acetophenone is only interspersed, but not yet replaced, with OS. At 90 vol % ACN, the XHn 

groups remain fully (acetophenone, by necessity) or partially solvated by W (benzyl alcohol 

and phenol). Phenol accepts OS excess at its hydroxyl group, particularly by ACN, more readily 

than benzyl alcohol, which explains why phenol has higher limiting linear PS values in 

WīACN mixtures than benzyl alcohol (cf. Figure 2.5). 

 

Figure 2.8. Immediate solvation environment of polar analytes in bulk liquid WīMeOH (left) 

and WīACN mixtures (right) containing 40, 70, or 90 vol % OS (top, middle, and bottom, 

respectively). Points indicate the local excess of W over OS (red), MeOH over W (cyan), and 

ACN over W (blue) as derived from DSDF analysis. Only excess values above the threshold 

(three times the bulk liquid density of the respective solvent) are shown. Color code for solute 

atoms: C, H, and O atoms are in gray, white, and red, respectively. 

As predicted by the limiting linear PS data, dead time markers (Figure 2.9) contain decidedly 

less OS excess in their immediate solvation environment than polar analytes. W excess at the 

XHn groups is highly developed at 40 vol % OS and 70 vol % MeOH, but OS excess at the 

hydrocarbon groups becomes clearly visible only at 70 vol % ACN. Apparently, a lower ratio 

of hydrocarbon to functional groups in the solute structure prevents the buildup of appreciable 

OS excess around the hydrocarbon groups until the WīOS mixture becomes predominantly 

organic. At 90 vol % MeOH, W excess (interspersed with MeOH excess) remains only at the 

carbonyl groups of the dead time markers. At 70 vol % and 90 vol % ACN, the dead time 

markers show the segregated solvation pattern of the polar analytes, whereby W excess is tied 

to the carbonyl groups. 
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Figure 2.9. Immediate solvation environment of dead time markers in bulk liquid WīMeOH 

(left) and WīACN mixtures (right) containing 40, 70, or 90 vol % OS (top, middle, and bottom, 

respectively). Points indicate the local excess of W over OS (red), MeOH over W (cyan), and 

ACN over W (blue) as derived from DSDF analysis. Only excess values above the threshold 

(three times the bulk liquid density of the respective solvent) are shown. Color code for solute 

atoms: C, H, N, and O atoms are in gray, white, blue, and red, respectively. 

If hydrophilicity is equated with the onset of local W excess, the CO part of the amide group in 

uracil is less hydrophilic than the NH part (Figure 2.9). An OS contribution to the solvation of 

the NH part can be recognized at Ó60 vol % MeOH and Ó40 vol % ACN, whereas the MeOH 

contribution to the solvation of the CO part of the amide group starts only at 90 vol % MeOH 

(Web-Enhanced Objects 2.1 and 2.2). The affinity of the NH part of the amide group for ACN 

solvation explains why the limiting linear PS values of uracil in WīACN mixtures are raised 

compared with WīMeOH mixtures, whereas the PS values of acetone remain unaffected by the 

OS type up to 70 vol % OS. At > 70 vol % OS, MeOH generates less negative PS values than 

ACN due to the ability of MeOH to donate HBs to the carbonyl group of acetone (cf. 

Figure 2.5). 

Apart from clarifying solute-specific differences in the limiting linear PS data, DSDF analysis 

has revealed a general solvation pattern for the immediate solute environment. Hydrocarbon 

groups prefer OS excess, and functional groups prefer W excess, whereby the extent for the 

latter preference depends on the functional group, the solute, and the OS type. The observed 

solvation pattern also explains the liquidīliquid partition coefficients of the solutes. Apolar 

analytes (logKOW > 0, KOW å KHW) strongly prefer OS over W solvation and therefore partition 

into the organic liquid; whether it contains a functional group, such as n-octanol, or is purely 

aliphatic, such as n-hexadecane, hardly matters. Polar analytes (logKOW > 0, KOW > KHW) prefer 

OS solvation overall but W solvation of their XHn groups. Polar analytes are thus more likely 

to partition into an n-octanol phase, which probably contains W molecules associated with the 

hydroxyl groups of octanol, than into an n-hexadecane phase. Lastly, the solute environment of 
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dead time markers (logKOW < 0) is determined by the solvation preferences of the XHn groups, 

which are better met by liquid W than n-octanol. 

Previous molecular simulation studies7,9ī17,22 have established that the solvated stationary phase 

consists mostly of bonded-phase groups, whereas W density is restricted to the interfacial region 

or the immediate vicinity of the silica surface (cf. Figure 2.6). Because bonded-phase groups 

dominate the solvated stationary phase whereas W molecules are in limited supply, the observed 

solute solvation pattern reflects that RPLC retention is favored by the hydrophobic elements 

(the hydrocarbon groups) and limited by the hydrophilic elements (the functional groups) of a 

solute molecule. The question is how to quantify the extent to which the functional groups in a 

solute molecule limit its retention by the C18 stationary phase. 

2.3.4. Soluteïsolvent hydrogen bonding 

Beyond revealing differences between the XHn groups in the solute ensemble regarding their 

hydrophilicity and their affinity to MeOH vs ACN as OS, the DSDF data strongly suggest that 

formation of soluteīsolvent HBs is necessary for the hydrophilic elements in a solute molecule 

because solvation of XHn groups by solvents with mismatched HB ability, namely, ACN excess 

at the O atoms of hydroxyl and carbonyl groups, was not observed. Coordination of XHn groups 

by hydrogen-bonded solvents could therefore be viewed as an indispensable element of the 

immediate solute environment, which merits an analysis of the soluteīsolvent hydrogen 

bonding within the solute ensemble.  

When reviewing the HB data, it should be kept in mind that because of the smaller molecular 

volume of MeOH, WīMeOH mixtures contain fewer W molecules than WīACN mixtures at 

a given volumetric W/OS ratio. Figures 2.10 and 2.11 analyze the soluteīsolvent hydrogen 

bonding for the XHn groups of the polar solutes. Figure 2.10 focuses on the total number of 

solute(XHn)īsolvent HBs by displaying the average number of solute(XHn)īsolvent HBs per 

solute molecule, HBsolute(XHn)īsolvent, as a function of the OS volume fraction in the bulk liquid, 

whereas Figure 2.11 resolves the contributions from W and OS molecules to 

HBsolute(XHn)īsolvent.  

Together, the data in Figures 2.10 and 2.11 show that (i) HBsolute(XHn)īsolvent decreases with 

increasing vol % OS in the bulk liquid because OS molecules cannot sustain the same number 

of solute(XHn)īsolvent HBs as W molecules; (ii) HBsolute(XHn)īsolvent decreases more strongly 

in WīACN than WīMeOH mixtures because the HB properties of ACN are inferior to those 

of MeOH; and (iii) for the same reason, HBsolute(XHn)īsolvent is larger in WīMeOH than 

WīACN mixtures from 10 vol % OS onward, although WīACN mixtures contain more W 

molecules than WīMeOH mixtures at a given OS volume fraction and solute(XHn)īsolvent 

hydrogen bonding is dominated by soluteīW HBs for most of the chromatographically relevant 

range of W/OS ratios. 
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Figure 2.10. HB coordination of the hydrophilic XHn groups of polar solutes in WīMeOH 

(left) and WīACN mixtures (right). Shown is the total number of solute(XHn)īsolvent HBs as 

a function of the OS volume fraction in the bulk liquid. 

 

Figure 2.11. Contribution from W and OS molecules to solute(XHn)īsolvent hydrogen bonding 

in WīMeOH (left) and WīACN mixtures (right). Shown is the number of solute(XHn)īW and 

solute(XHn)īOS HBs per solute molecule as a function of the OS volume fraction in the bulk 

liquid. 

According to Figure 2.11, HBsolute(XHn)īW remains larger than HBsolute(XHn)īOS up to å77 vol 

% MeOH and å87 vol % ACN for benzyl alcohol, phenol, and uracil and up to å84 vol % 

MeOH for acetophenone and acetone. At these W/OS ratios in the mobile phase, the polar 

analytes are barely retained on the column anymore (k < 0.25, cf. Figure 2.2). The point where 

HBsolute(XHn)īW becomes smaller than HBsolute(XHn)īOS depends on the XHn group and the OS 

type, as already observed qualitatively in the DSDFs of the polar solutes (cf. Figures 2.8 and 

2.9). The comparison of solute(XHn)īW and solute(XHn)īOS HBs shown in Figure 2.11 

reinforces the impression that the carbonyl group is the most hydrophilic XHn group in the 

solute ensemble. 
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Unlike the limiting linear PS data (Figure 2.5), the HBsolute(XHn)īsolvent data discriminate 

closely and unequivocally between the polar solutes. HBsolute(XHn)īsolvent decreases from uracil 

ḻ benzyl alcohol > phenol > acetone > acetophenone. The HBsolute(XHn)īW and the 

HBsolute(XHn)īOS data follow the solute order of the HBsolute(XHn)īsolvent data to a large extent. 

The HBsolute(XHn)īW curves of phenol fall below those of acetone first and acetophenone second 

at 70ī80 and 80ī90 vol % MeOH, respectively, and at 40ī50 and 70ī80 vol % ACN because 

the hydroxyl group of phenol has a lower hydrophilicity than the carbonyl groups of acetone 

and acetophenone. The lower hydrophilicity is, however, overcompensated by the OS 

contribution to HBsolute(XHn)īsolvent, so phenol retains a higher number of total 

solute(XHn)īsolvent HBs than acetophenone and acetone over the full range of W/OS ratios 

(Figure 2.10). 

As mentioned in connection with the soluteīsolvent RDFs in Section 2.3.2, all analytes in the 

solute ensemble are HB acceptors through their aromatic ring electrons. The HBsolute(́ )īsolvent 

data of the analytes (Figure 2.12) show the same general features as the HBsolute(XHn)īsolvent 

data regarding the dependence from the OS content and type. (Also similar to the 

HBsolute(XHn)īsolvent data is that HBsolute(XHn)īW > HBsolute(XHn)īMeOH up to 70ī80 vol % 

MeOH, as shown in Figure 2.S10.) The analyte order in Figure 2.12 is naphthalene > benzene 

Ó ethylbenzene > phenol å benzyl alcohol > acetophenone. Naphthalene contains two aromatic 

rings and thus forms more solute()́īsolvent HBs than ethylbenzene and benzene. Apolar 

analytes form more solute(́)īsolvent HBs than polar analytes because the polar groups, 

particularly the carbonyl group of acetophenone, reduce the electron density in the aromatic 

ring. Comparison of Figures 2.10 and 2.12 shows that the contribution from ring electrons to 

soluteīsolvent hydrogen bonding is minor for the polar analytes. 

 

 

Figure 2.12. HB coordination of the ́ electrons of aromatic hydrocarbon analytes in WīMeOH 

(left) and WīACN mixtures (right). Shown is the total number of solute()́īsolvent HBs per 

solute molecule as a function of the OS volume fraction in the bulk liquid. 
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Figure 2.13 summarizes the total soluteīsolvent HBs for the solute ensemble. The HBsoluteīsolvent 

values decrease as uracil ḻ benzyl alcohol > phenol > acetophenone Ó acetone > naphthalene 

> benzene Ó ethylbenzene in WīMeOH and WīACN mixtures. The observed order of the 

HBsoluteīsolvent values in Figure 2.13 reflects the inverse solute retention order of figures 2.2 and 

2.3 already to a large extent, suggesting HBsoluteīsolvent as the limiting factor to solute retention 

in RPLC.  

 

Figure 2.13. Soluteīsolvent hydrogen bonding in WīMeOH (left) and WīACN mixtures 

(right). Shown is the total number of soluteīsolvent HBs per solute molecule as a function of 

the OS volume fraction in the bulk liquid. 

Returning to the conclusion of Section 2.3.3, namely, that hydrophobic elements favor RPLC 

retention, we suggest the number of hydrocarbon groups in a solute, N(CHx), to estimate the 

retention-favoring factor. Because (i) the experimentally observed retention order is well 

predicted by the logKOW values, which refer to a mobile phase of neat W, and (ii) the analysis 

of soluteīsolvent hydrogen bonding has shown that soluteīW HBs dominate the HB 

coordination of the solutes over most of the chromatographically relevant range of W/OS ratios, 

we propose the ratio of N(CHx) and HBsoluteīsolvent at 2 vol % OS to predict the RPLC retention 

order of the solute ensemble. 

2.3.5. Experimentally observed vs predicted solute retention order 

Applying the proposed ratio of N(CHx) and HBsoluteīsolvent at 2 vol % ACN to the solute ensemble 

returns a retention order of ethylbenzene > naphthalene > benzene > acetophenone > phenol å 

benzyl alcohol > acetone > uracil in WīMeOH and WīACN mobile phases. (The small 

difference in HBsoluteīsolvent between 2 vol % MeOH and 2 vol % ACN hardly affects the 

calculated ratio.) The predicted retention order recovers the experimentally observed retention 

order except for the analyte pair ethylbenzene and naphthalene. Another point is that the 

proposed ratio, like logKOW, cannot recover the mobile-phase selectivity of the analyte pair 

phenol and benzyl alcohol (coelution in WīMeOH but separation in WīACN mobile phases, 

cf. Figure 2.2). But whereas logKOW predicts that phenol is more retained than benzyl alcohol, 

as observed with WīACN mobile phases, the proposed ratio predicts coelution, as observed 

with WīMeOH mobile phases. Solvation shell analysis has shown that ACN favors the 
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solvation of phenol more than the solvation of benzyl alcohol but has revealed no essential 

difference between the solvation shells of naphthalene and ethylbenzene apart from the number 

of soluteīsolvent HBs. 

The deviations from the experimentally observed retention order show the limits of retention 

prediction from the solute solvation shells. The latter reveals the preferences of a particular 

solute for solvation of its structural elements, which in the WīOS mixtures is limited only by 

the HB properties of the solvents. In contrast, the solvated stationary phase is an inhomogeneous 

environment not only regarding the distribution of bonded-phase density but also regarding the 

distribution of W and OS molecules (cf. Figure 2.6). Small solutes can occupy different 

locations within the solvated stationary phase, and each location represents a different and 

anisotropic solute environment.9,20,22 The separation of phenol and benzyl alcohol with 

WīACN mobile phases may be caused, for example, by a solvated stationary phase in which 

one or more of the available solute environments are more advantageous to phenol than to 

benzyl alcohol. The solvation shell analysis has shown that ACN solvation favors phenol more 

than benzyl alcohol and also that phenol forms fewer soluteīW HBs than benzyl alcohol. These 

observations, which indicate that phenol molecules benefit more from ACN as OS and require 

less W molecules in their immediate vicinity than benzyl alcohol molecules, make it plausible 

that phenol is more retained than benzyl alcohol by the C18 stationary phase when the latter is 

equilibrated with WīACN mobile phases. To fully explain the observed retention behavior of 

the solute ensemble, however, the solute environments in the solvated stationary phase must be 

explicitly considered. 

2.4. Conclusions 

In this study, we combined MD simulations and chromatographic experiments to investigate 

the relation between the retention of small, neutral solutes by a C18 stationary phase and their 

solvation shells in the WīOS mobile phase. The analysis of the solute solvation shell in terms 

of overall PS, spatial distribution of local solvent excess in the immediate solute environment, 

and soluteīsolvent hydrogen bonding recovered the experimental retention order of the solutes 

to an astonishingly large degree and provided a physicochemical explanation for the bulk-liquid 

contribution to the mobile-phase elution strength and the respective eluent strengths of MeOH 

and ACN in RPLC. 

The immediate solute environment in WīOS mixtures within the chromatographically relevant 

range of W/OS ratios (10ī90 vol % OS) is primarily determined by the solute structure and 

secondarily by the OS type. The hydrophobic structural elements CHx of analyte molecules are 

generally solvated by the OS, whereas hydrophilic functional groups XHn (and ring electrons) 

prefer solvation by W, leading to anisotropic solvation shells. Because the molecular structure 

of RPLC analytes is dominated by hydrocarbon groups, analyte solvation shells show overall 

PS by the OS. This is not the case for dead time markers, which are distinguished from RPLC 

analytes by a lower ratio of hydrocarbon to functional groups. Because the overall solvation 

shell composition of dead time markers is governed by the solvation preferences of their 

hydrophilic elements, dead time markers show a lower extent of PS by the OS than analytes 

and an earlier onset and higher amount of PS by W. 
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Regarding RPLC retention, the solute solvation shell in the WīOS mobile phase already 

predicts that hydrophobic structural elements favor RPLC retention, whereas hydrophilic 

structural elements limit (but not necessarily hinder) RPLC retention. The experimentally 

observed solute retention order is predicted to a large extent from the ratio between N(CHx) and 

HBsoluteīsolvent at 2 vol % OS. The number of CHx elements in a solute molecule estimates the 

extent of retentive bonded-phase contacts, whereas the number of soluteīW HBs per solute 

molecule at minimal OS content of the mobile phase (approximating a neat W phase) estimates 

the extent to which a solute molecule requires access to W molecules in the solvated stationary 

phase. A complete explanation of the solute retention order awaits, however, analysis of the 

solute environments in the solvated stationary phase. 

The HB properties of MeOH and ACN compared with those of W determine the eluent strength 

of the OS as well as the solute solvation shell composition. The lower affinity of ACN to 

preserve WīOS HBs at hydrophobic surfaces and hydrophobic structural elements generates a 

higher OS surface excess in the solvated stationary phase and a larger amount of PS by the OS 

of RPLC analytes. Compared with WīMeOH mobile phases, WīACN mobile phases offer a 

more favorably solvated stationary phase as well as a more favorable immediate analyte 

environment in the bulk liquid mobile phase so that the analyte concentration is shifted from 

the stationary phase to the mobile phase, lowering the retention factor. 

Interestingly, the higher eluent strength of ACN in RPLC mirrors the higher degree of 

microheterogeneity of WīACN mixtures compared with WīMeOH mixtures.63,64 Conversely, 

ACN has a lower eluent strength than MeOH in HILIC. (MeOH has infinite eluent strength in 

HILIC, as WīMeOH mixtures cannot form a retentive W-rich layer at a hydrophilic surface.3) 

The immediate solvation environments of the polar solutes in our study show that WīACN 

mobile phases not only generate a larger amount of OS excess at hydrophobic elements than 

WīMeOH mobile phases but also a larger amount of W excess at the hydrophilic elements in 

a solute molecule. This suggests that the lower affinity of ACN for preservation of WīOS HBs 

compared with MeOH determines the solvation of hydrophobic as well as hydrophilic elements 

or surfaces. The role of HB networks for the WīOS mixture microheterogeneity has been 

explored by experimental methods.65,66 Based on the observed solvation patterns of the solutes 

in our study, we therefore propose solventīsolvent hydrogen bonding, particularly the 

comparative strength of WīW vs WīOS HBs, as the link between the degree of 

microheterogeneity of WīOS mixtures and their mobile-phase elution strength in RPLC and 

HILIC. 
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2.5. Supporting information  

Table 2.S1. Cutoff radii for distances between donor X-H and acceptor X atoms indicating 

solute(XHn) solvent HBs in W MeOH mixtures. 

 rHB (nm) 

Solute atom H (W) O (W) H (MeOH) O (MeOH) 

     
O (Acetophenone) 0.25 0.33 0.26 0.32 

O (Benzyl alcohol) 0.26 0.35 0.26 0.35 

H (Benzyl alcohol) - 0.27 - 0.27 

O (Phenol) 0.26 0.36 0.26 0.34 

H (Phenol) - 0.26 - 0.26 

O (Acetone) 0.25 0.33 0.26 0.32 

N1 (Uracil) - 0.33 - 0.33 

H1 (Uracil) - 0.26 - 0.26 

O2 (Uracil) 0.26 0.32 0.26 0.31 

N3 (Uracil) - 0.33 - 0.34 

H3 (Uracil) - 0.27 - 0.27 

O4 (Uracil) 0.26 0.32 0.26 0.31 
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Table 2.S2. Cutoff radii for distances between donor X-H and acceptor X atoms indicating 

solute(XHn) solvent HBs in W ACN mixtures. 

  rHB (nm)  

Solute atom H (W) O (W) N (ACN) 

    
O (Acetophenone) 0.25 0.33 - 

O (Benzyl alcohol) 0.26 0.35 0.34 

H (Benzyl alcohol) - 0.26 0.28 

O (Phenol) 0.26 0.37 0.33 

H (Phenol) - 0.26 0.27 

O (Acetone) 0.25 0.33 - 

N1 (Uracil) - 0.33 0.32 

H1 (Uracil) - 0.26 0.26 

O2 (Uracil) 0.26 0.33 - 

N3 (Uracil) - 0.33 0.35 

H3 (Uracil) - 0.26 0.29 

O4 (Uracil) 0.26 0.32 - 

 

 



Chapter 2 

 

 

83 

  

 

Figure 2.S1. Radial density distributions of solute(com) W(O), solute(com) OS(X), and 

solute(com) OS(CH3) distances (top, middle, and bottom, respectively) for naphthalene in W

MeOH (left) and W ACN mixtures (right) containing between 2 and 99 vol % OS. 
















































































































































































































































































































