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Zusammenfassung

I. Zusammenfassung

Die vorliegende Arbeit beschaftigt sich mit den Einflissen der mobilen Phase auf die Retention
und Selektivitat von Analyten in der UmkehrphasenchromatogrdRREeC, reversedphase

liquid chromatography der wichtigsten Untermethode der Hochleistungsflkesig
chromatographie (HPLChigh-performance liquid chromatographyln der RPLC werden
apolar modifizierte stationare Phasen und polare mobile Phasen, bestehend aus einem Gemisch
aus Wasser (W) und einem organischen Losungsmittel ¢f@&nic solventwie Acetonitril

(ACN) oder Methanol (MeOH) verwendet, um maRig polare bis unpolare Analyten
voneinander zu trennen. Die Retention der Analyten kann dabei durch die Elutionsstarke der
mobilen Phase gesteuert werden, die voral®® und-Anteil beeinflusst wird. Obwohl RPLC

seit vielen Jahren erfolgreich eingesetzt wird, sind die physikochemischen Grundlagen der
Elutionsstarke sowie die genauen Auswirkungen der mobilen Phase auf Trennungen noch
immer nicht vollstéandig verstanden. Viele ozesse die entscheidend fur die Retention sind,
finden auf der molekularen Ebene statt und sind durch Experimente nur schwer zuganglich.
Molekulardynamische (MDmolecular dynamids Simulationen erlauben hier die direkte
Untersuchung der chromatographischen Grenzflache, wodurch der Einfluss der mobilen Phase
auf die Retention gezielt analysieverden kann. In dieser Arbeit werden Miimulationen

einer RPLCModellmesopore, gefllt mit WMeOH- und Wi ACN-Mischungen, durchgefihrt.

Dabei wird untersucht, wie die mobile Phase die Struktur und Eigenschaften der
chromatographischen Grenzflache beesdtwnd 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 Sedlgkat in der RPLC beeinflusstind zu untersucherwie
Analytretention und Diffusion den Massentransport durch einen rekonstruierten
Silicamonolithen beeinflusst.

Im ersten Kapitel wirddie Mobilitat von sechs unpolaren bis mafRig polaren aromatischen
Analyten(Naphthalin, Ethylbenzol, Benzol, Acetophenon, Benzylalkohol und Phienaiher
RPLCModellschlitzpore untersucht. Zusétzlich werden O®berflachenuberschuss
adsorptionsisothermen von MeOH und ACN an der chromatographischen Grenzflache in W
MeOH- und WI ACN-Mischungenanalysiert Daflir werden Systeme mit 2/98 bis 99/1 (v/v)
W/OS in einer 10 nnbreiten Silicaschlitzpore mit einer Dimethyi-octadecylsilyl (Gs)-
Oberflachenmodifizierung mittels MBimulationenuntersucht Der Verlauf experimenteller
Oberflacheniberschussadsorptionsisothermen, gemessen an einer typigsehaunle; kann

mit Hilfe der Simulationerreproduziertwerden. Mobile Phasen mit ACN als OS erzeugen
dabei generell mehr GSberflacheniberschubgi aquivalenten MeAnteilen alsPhasen mit
MeOH. Die OSAnreicherung in der Grenzregion zwischen mobiler und station&rer Phase ist
dabei der Hauptverursacher fiir die Oberflachenadsorption des OS. Dabei sorgt die erhthte
Affinitat von MeOH fur die Bildung von Wasserstoffbriicken (Hidrogen bondamit W fir

einen erhdhten WAnteil in der chromatographischen Grenzflache und erklart die geringere
Oberflachenadsorption von MeOH. Die HBBgenschaften des OS erweisen sich damit als die
relevanten GrofRen, um die @@sorptionsisothermen in der RPLC ziklaren. Neben der
Oberflachenadsorption wird auch die Oberflachendiffusion untersucht, bei der Analyten eine
erhohte Diffusion in der Grenzregion zwischen gebundener Phase und mobiler Phase

1



Zusammenfassung

aufweisen. Der beobachtete Mobilitdtsgewinn der Analyten sinkt dabei mit steigendem OS
Anteil in der mobilen PhasBer Uberschuss an OS in der Grenzregierringertdie Viskositat

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

die Mobilitat der Analyten zusatzlich. Insgesamt ist der hochste Mobilitatsgewinn fir die
unpolaren Analyten beobachtbar, wobei die Mobilitat am starksteri Ma®@H-Mischungen
erhoht ist. Die polaren Analyten weisen aufgrund von HBs mit W und OS gerivgbiigaten

und einen geringeren Mobilitdtsgewinn auf. Die Daten in diesem Kapitel zeigen, wie die
Auswahl des OS und dessen {HRjenschaften bedeutend fur die Ausbildung der
chromatographischen Grenzregion und deren Eigenschaften ist.

Im zweiten Kapitel werden die sechs im ersten Kapitel eingefiihrten Analyten und zwei
Totzeitmarker (Aceton und Uracil) in WieOH und W ACN-Bulkphasen mit O&\nteilen
zwischen 2 und 99 vol % untersucht. Dabei werden-84lulationen verwendet, um das
Solvataionsverhalten der Soluten und die daraus resultierenden Einflisse auf die
Analytretention zu analysiereRaumliche Verteilungsfunktionen zeigen, dass die untersuchten
Soluten eine anisotropische Losungsmittelumgebung aufwelsgnder die hydrophoben
Gruppen vorzugsweise von OS und die hydrophilen Gruppen vorzugsweise von W solvatisiert
werden. Die quantitative Beschreibung der Solvatationsumgebung mittels der praferierten
Solvatation j , berechnet aus KirkwoeBuff Integralen, zeigt, dass die Totzeitmarker Werte
nahe bei null aufweisen und dasshdie Analyten durch ihre deutliche praferiegelvatation
durchOSvonden Totzeitmarkerabgrenzen lassemurch die niedrigere Affinitat von ACN,
welches sich an hydrophoben Oberflachen und Strukturelementen aufhidaltS WBs
auszubilden, ist die praferierte Solvatisierung durch OSiIA@N-Phasen starker ausgepragt

als in Wi MeOH-PhasenDer erhéhte O&\nteil in der Umgebung der Soluten und die damit
gunstigere Solvatationsumgebuligfert Aufschlisse Uber die starkere Elutionswirkung von
ACN im Vergleich zu MeOH. Das Verhaltnis zwischen der Anzahl an hydrophoben Gruppen
eines Soluten und der Anzahl der in® % OS ausgebildeten HBs erlaubt erste Riickschliisse
auf die Retentionsreihenfolge der Analyten und gibt die experimentell beobachtete Reihenfolge
gut wieder. Hydrophobe Gruppen erweisen sich hiermit als ein MaR fur retentive
Wechselwirkungen, wohingegelie Anzahl an HBs ein Mal3 dafist, inwiefern der Solut W

in seiner Umgebung bendotigt.

Im dritten Kapitel wird Benzol als strukturell einfachster Analyt iinAZZN- und W MeOH-
Mischungen im Bereich von 10 bis 90 v OS in der RPLESchlitzpore aus Kapitel 1
simuliert.Dabei werden die Solvatisierung der gebundenen Phase und die daraus resultierenden
Konformationsanderungen der gebundenen Phase und die Einflisse auf die Retention von
Benzol untersuchit steigender Elutionsstarke der mobilen Phase wird did{@8Bte in der
stationdren Phase erhoht ugidichzeitig die WDichte in der Grenzflachenregion erniedrigt

und in Richtung Bulkregion verschobdies verursacht eine Umverteilung dagOichte und
Benzoldichte in Richtung des Bulklésungsmat&ie Verschiebung derigDichte wird dabei

von mehreren KonformationsanderungenCigrKetten begleitet, wobei die Anzahl an parallel

zur Silicaoberflache liegenden Ketten abnimmt und die Ketten eine allgemein gestrecktere
Konformation aufweisen. Die Dichteprofile von Benzol weisen zwei Peaks in der stationdren
Phase auf, den Verteilungspedilef in den Ketten und den Adsorptionspeak in der
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chromatographischen Grenzregion. Durch den Rickzug vorDidhte aus der
chromatographischen Grenzregion mit steigender Elutionsstarke wird die Benzoldichte aus
dem Verteilungspeak in den Adsorptionspeak verschoben und der Adsorptionspeak wird leicht
in Richtung der Bulkregiowerlagert Raumliche Verteilungsfunktionen zeigen hierbei, dass
durch dieVerschiebungder Benzoldichte in Richtung der Bulkregion, die durchschnittliche
Anzahl an Kontakten mit der gebundenen Phase abnimmt, wahrend die Anzahl an Kontakten
mit Losungsmittelmolekilen zunimmin Wi MeOH-Systemen ist die ¥Dichte in der
Grenzregion hoher als in MACN-Systemenund Benzolmuss sich tiefer in der gebundenen
Phase aufhalten, um W in der Grenzregion auszuweichen. Dies erhdht die durchschnittliche
Anzahl an Benzolkontakten mit der gebundenen Phase. Die durchschnittliche Anzahl an
Benzolkontakten mit der gebundenen Phase sfahit im Zusammenhang mit der Retention

und spiegelt die erhohte Retention ini MEOH-Systemenwider. Dies zeigt, dass die
allgemeinen Effekte, die die Retention beeinflussieinch die Reaktion der Analyten und der
chromatographischen Grenzflache auf dieWwhte erklart werden kdnnen, die wiederrum von

den Eigenschaften des OS abhangt.

Im vierten Kapitel werden die solutspezifischen Effekte untersucht, die die Analytretauition
molekularer Ebene beeinflussen und steuern. Dazu werden die sechs Analyten aus dem ersten
Kapitel im bereits etablierten RPLES8chlitzporenmodell in \WMeOH und W ACN-
Mischungen mit einem O&nteil zwischen 10 und 90 Volumenprozent mittels MD
Simulatilmen untersuchtDie experimentell beobachtete Retentionsreihenfolge der sechs
Analyten kann mit Hilfe der tber die stationare Phase gemittelten Kontakte mit der gebundenen
Phase gut wiedergegeben werd&e Retention nimmtdabei mit sinkender Anzahl an
Kontakten mit der gebundenen Phase ab und Analyten mit mehr Kontakten mit der gebundenen
Phase eluieren allgemein spater. Die Anzahl der Kontakte héngt dabei von der Penetrationstiefe
der Analyten in die stationare Phase sowie denAnzahl an hydrophoben Gruppen ab. Die
Vermeidung von W durch die hydrophoben Gruppen driickt die Analyten tiefer in die stationare
Phase, jedoch nur so weit, wie es die AnalytanforderuageRABs mit dem Losungsmittel
zulassen. Somit befindet sich der Grof3teil der Dichte der polaren Analyten im Adsorptionspeak
in der stationdren Phase, wodurch die polaren Analyten allgemein eine geringere
durchschnittliche Anzahl an Kontakten mit der gelemeh 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 stationdren Phase ist
somit héher. Durch den Wechsel des ¥Sitztdie mobile Phase andere HBgenschaften

und die Solvatation der gebundenen Phase &ndert sich. Dadurch kénnen in Trennungen andere
Selektivitaten erzielt werden, wie es beispielsweise beim Benzylaik®hehol Paar in W

MeOH- und W ACN-Mischungen beobadhaér ist. Da die Analyten als HBkzeptor und
Donator variierend@nforderungen an inre HRartner haben, reagieren sie unterschiedlich auf

den Wechsel des OS, wodurch andere Sei¢kten erzielt werden kénnen. Unterschiede in
Analytselekivitatenkonnen damit durch disolutspezifischen Reaktionen auf die durch die
mobile Phase hervorgerufenen Anderungen in der Solvatation der stationaren Phase erklart
werden.
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Im funften Kapitel wird der Massentransport der sechs Analyten in einem rekonstruierten
Silicamonolithen mit hierarchischer Porenstruktur untersucht und dmsgser durch die
Eigenschaften der Analyten und der mobilen Phase beeinflusst wird. Dafir werden die
Mesoporen und  Festbettdiffusionskoeffizienten der sechs Analyten  mittels
Multiskalensimulationen ermittelt. Die physikalischen Rekonstruktionen des Mesoponsnrau
basieren dabei auf Messungen eines Rastertransnssgikinonenmikroskops und die des
Makroporenraums basieren auf Konfokalmikroskopiemessundg#e Diffusions und
Dichteprofile der Analyten werden in vereinfachter Form in drei Mesoporennetzwerke mit
durchschnittlichen Porendurchmessaesovon 12.3, 21.3 und 25.7 nm eingebetiet mittels
Brownschen Dynamik (BD, brownian dynamigs Simulationen die effektiven
MesoporendiffusionskoeffizientdDmesozu ermitteln.Dmesoerhdht sich dabei mit steigendem
OS-Anteil sowie mit steigender Analytpolaritat. Dies lasst sich durch die Verringerung von
dmeso Mit einhergehender Erniedrigung des verfugbaren Bulkvolumens ausgleichen. Die
Auswirkungen vondmeso auf Dmeso Sind damit mit denen der Analytpolaritat und der
Elutionsstarke der mobilen Phase vergleichbar. Die erhaltBraesyWerte werden in ein
rekonstruiertes Makroporennetzwerk Ubertrageam anschlielend die effektiven
BettdiffusivitatenDped mittels BD-Simulationen zu erhaltelie DyetWerte sind dabei durch

die Analytretentiorund nicht durch morphologische Eigenschaften des Porenraums limitiert.
Durch starkere Analytretention wird der Massentransfer zwischen den Mesdakroporen
verlangsamt, wodurcBped Sinkt. Durch die Verknipfung vobres Mit dem phasenbasierten
Retentionsfaktorwird der BTerm der Bodenhohengleichung bestimrausatzlich zur
bekannten Abnahme desTRrms mit steigender Flie3geschwindigkeit der mobilen Phase wird
bei der Auftragung des-Berms gegen den OB&nteil der mobilen Phase ein-tdrmiger
Verlauf beobachtet. Der-Berm wird bei einem niedrigem G&nteil und einhergehender
hoher Retention durch den Retentionsfaktor und bei einem hoheAntel und niedriger
Retention durcipeq dominiert.
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[l. Abstract

This work ceals with the influence of the mobile phase on the retention and selectivity of
analytes in reverseghase liquid chromatography (RPLC), the most important mode of high
performance liquid chromatography (HPLC). In RPLC, apolar modified stationary phases an
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 strdribth maobile phase,

which is influenced by the OS type and fractigithough 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 undersidady of the processes that are
crucial for retention take place at the molecular level and are difficult to access through
experiments. Molecular dynamics (MD) simulatioallow the direct investigation of the
chromatographic interface, enablitige systematic examination of the influence of the mobile
phase on retentiomn this work, MD simulations of an RPLC model mesopore filled with W
MeOH and WACN mixtures are carried otiv investigate the influence of the mobile phase

on the structure and properties of the chromatographic interface and how these changes affect
the analytesThe aim is to identify the molecular mechanishyswhich the mobile phase
influences analyte retention and selectivity in RPA@€Ito determinehow analyte retention

and surface diffusioaffectmass transport in a reconstructed silica monolith.

The first chapter examines haix apolar to moderately polaromatic analyte@aphthalene,
ethylbenzene, benzene, acetophenone, benzyl alcohol, and pbelmaVe in terms of their
mobility in an RPLC slipore model. In addition, OS surfaegcessadsorptionisothermsof

MeOH and ACN in WMeOH and WACN mixturesareinvestigated. For this purposdD
simulations are used to examine a 10wmiche silica slit pore with a dimethyh-octadecylsilyl

(C1g) surface modification containingetween 2/98 and 99/1 (v/v) W/OS. The shape of the
experimental surface excess adsorptsmtherms measured for a typicali€column,can be
reproduced with help of the simulations. Mobile phases with ACN as OS generally generate
more OS surface excesg equivalent mole fractionthan phases with MeOH. The OS
enrichment in the interface region between the mobile and stationary phase is the main cause
of OS surface exces$he increased affinity of MeOH for the formation of hydrogen bonds
(HB) with W results in an increased W content in the chromatographic interface and explains
the lower surface adsorption of MeOHhus, theHB properties of the OS prove to be the
decidingparameters$or the explanation of OS adsorption isotherms in RFR€sidessurface
adsorption, surface diffusion is also investigated, in which analytes exhibit increased diffusion
in the interface region between the bonded and mobile phase. The observed mobitify gain
analyteslecreases with increasing OS content in the mobile pgasesf OS in the interface
region reduces viscosity and thus facilitatemlyte diffusion A further increase in analyte
mobility can be achieved through contacts with flexitdtain endsThe highest mobility gain

is observed for apolar analytes, particularly inMeOH mixturesOverall,polar solutes show
alower diffusivity and mobility gain dus the formation of HBs with solvent molecules of the
mobile phaseThe data in this chapter shows how the selection of the OS and its HB properties
is significantfor the formation of the chromatographic interface and its properties.
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In the second chaptehé six analytes introduced in the first chapter and two additional dead
time markers (acetone and uracil) are investigated iM&OH and WACN bulk mixtures

with OS fractions between 2 and 99 voll¥D 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 environmdarie
hydrophobic groups are preferakdplvated by OS and hydrophilic groups are preferably
solvated by W. The quantitative description of the solvation environment using the limiting
linear preferential solvatidn  , calculated from KirkwootBuff integrals, shows that the
dead time markers have values close to aeeb that the analytes can be distinguished from
them by their cleapreferential solvation byDS. The preferentialsolvation of hydrophobic
structural elements and surfadges OS in W ACN phases is more pronounced than it W
MeOH phases, due to the lower affinity of ACN to forni @& HBs. The increased OS content

in the solute environment and ttieereforemore favorable solvation environmesgnprovide
insights into the stronger elution strength of ACN compared to Md@Qeiratio of the number

of hydrophobic groups to the number of HB#iich a solute form#én 2 vol % OS, gives a first
indication of the retention order of analytes and reproduces the experimentally observed
retention order to a good degrdeydrophobic 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 simplesyteis simulatedn Wi ACN and

Wi MeOH mixtures at volume contents ranging from 10 to 90 vol % OS in the RPLid it

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 avestigated. With increasing elution
strength of the mobilphasethe OS density in the stationary phase increases and W density in
the interface regions decreases and is shifted towards the bulk ré@fisnleads to a
redistribution of the @ and analyte density towards the bulk region. The Bhi@is density is
accompanied bygeveralconformational changes the Cig 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 Hmdedphase region and the adsorption peak in the
chromatographic interfacés 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 thaveragenumber of benzene contacts with the bonded phase and an increase in
the number of contacts with solvent molecules. INMEOH systems, the W density the
chromatographic interface is higher than in AN systems and benzemeeds tooccupy
regions deeper in the bondptase to avoithe W in the interface region. This increases the
average number of benzene contacts with the bonded. gifesaverage number of benzene
contacts with the bonded phase is therefore related to retention and reflects the increased
retention in WMeOH systemsOverall, this chaptedemonstratedhat the general effects
influencing etention can be explained by the reaction of analytes and the chromatographic
interface to W density, whidn turnis dependent on the properties of the Di8s 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 examineket solutespecific effects that influence and control analyte
retention at the molecular leveloThis end, the six analytes from the first chapter are examined

in the established RPLC spibre model in WMeOH and WACN mixtures with an OS
content between 10 and 90 vol % using MD simulations. The experimentally observed retention
order of the six amytes can be reproduced by the simulations usiiegstationaryphase
averaged number of bondptiase contacts per analytwlecule.As the number of contacts

with the bonded phase decreases, retention decreases and analytes with more contacts generally
elute later than those with fewer contadtse number of contacts dependsta penetration

depth of analytes into the stationary phase and on the number of hydrophobic §raups.
evasion of W through the hydropholgioupspushes 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 analytess 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 statiphaseaveraged
number of contacts with the bonded phase is therefore hiffmerugh 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 alcoh®phenol pair in WMeOH and WACN mixtures.Since the analytes
havevaryingrequirements as HB acceptors and donors, iegyondifferently tochanges in

the OS, which can result in changes in selectiviBifferences in analyte selectivities can
therefore be explained by the sohlsteecific reaction to changes in the statiorainase
solvation caused by the mobile phase.

The fifth chapter examineh@é 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 antiefixetiffusion
coefficientsof the six analytes are determined using multiscale simulatidms. physical
reconstructionsf 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 iredimplifi
form in three mesopore networks with average pore dianhieysof 12.3, 21.3, and 25.7 nm

to determine the effectivenesopore diffusion coefficient®®meso Using Brownian dynamics

(BD) simulations.Dmeso increases with increasing OS content or with increasmayte
polarity. This can be compensated for by redudig, with an accompanying reduction in

the available bulk volume. The effectsdaksoon Dmesoare thus comparable those of analyte
polarity and the elution strength of the mobile phase. The obtBingdvalues are transferred

to a reconstructed acropore network and the effective bed diffusivitid?dgq are simulated

using BD simulations. TheDpeq values are limited by analyte retention andt rby
morphological properties of the pore space. Increased analyte retention slows down mass
transfer between the mesopores and macropores, cdusity decrease. By linkin@ped to
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the phaséased retention factothe B-term of the platéeight equations determined. In
addition to the known decrease in thégBm with increasing flow velocity of the mobile phase,
a U-shaped curve is observed when plotting thefBn against the OS fraction of the mobile
phase. The Berm is dominated by the retention facab a low OS fraction and associated high
retention, and bPreqat a high OS fraction and low retention.
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I1l. Introduction

The need t@nalyzecomplex samples is common in nearly every modern laborédterit to
identify impurities in known sampleduring quality control or to investigate the composition
of unknown sampledigh-performance liquid chromatography (HPLC) afast andhighly
reproducible methbwith a high resolution offers an easy way for the separation of different
compounds in liquid samples and helps to identify and quantify theendifferent modes of
HPLC offer ways toanalyzenearly every samplsoluble in liquids Reverse¢gbhase liquid
chromatography (RPLC), as the most common mode of HEb@rs most of the needed
separations due to its broad application range for the separation of moderately polar to apolar
compounds soluble in aquedwsganic solvent$ Compounds in RPLC are separated based on
their interactions with a hydrophobically modified stationary phaseaaratjueouiorganic
mobile phasgtypically consisting of a mixture of water (W) and an organic modifier such as
acetonitrile (ACN) or methanol (MeOHJhe distribution of solutes betwedme 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 ¢ortipexity of RPLC,

it is still difficult to examine how parameters like statiorphase chemistry or mobifghase

elution strength influence separations exactly and what the underlying physicochemical
explanations ard=ffects 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 mobikphase contributions to the retention process. The laclotg#aularlevel
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 exesinattractive for the
examination of the retention process in RPLC.

Molecular simulations offer an effectivalternativefor the investigation of microscopic
processes relevant to RPE€which wereused toexaminehow stationaryphase properties,

such as chain length, grafting density, and surface curvature influence the chromatographic
interfaceand solute distribution®® In this work, new insights are presented on how retention

is impacted on a molecular level by mohkillease induced changes to the analyte environment
and stationary phas@o this endmolecular dynamics (MD) simulatiorzsse used to examine

an RPLC slipore model, which is surface modified with dimethybctadecylsilyl (Gs)-

chains and filled with WACN and W MeOH mobile phasesn the following a basic
introductionof RPLC and simulations of chromatographic interfaces wilptmvided 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 chaptdtsThe implications ofinalyte

and mobile phaspropertieson mass transport in a reconstructed coluwiihbe examined in

the fifth chapter by implementation of the MD results in a hierarchical porous silica model.
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1.1 Reversedphaseliquid chromatography

To provide a basiof 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
separationd.For separationsinary or ternary mixtures of W with organic modifiers such as
MeOH, ACN, or tetrahydrofuran (THF) are used as mobile phaBesous silicabased
materials, either monoliths packed particlesvhichare modified with apolar ligangare used

as stationary phases. Common surface modifications in€igldimethyln-octylsilyl (Cg), or
phenythexyl. Due to steric constraints, complete surface coverage with the apolar ligands
cannot be achieved, leading to residual silanol graupieh may interfere with separation of
compounds, due to unwanted interactions leading to peak defornratidihe number of
residual silanol groups can be reduced through a process caltegheimdj, which involves the
modification of some of the remaining residual silanol grouis a small hydrophobic group

like trimethylsilyl (C1) groupst® The use of ethylerbridged hybrid (BEH) particles offers an
alternativeapproacho reducehe silanol activity of the silica surface through the inclusion of
ethylene groups in the silica lattice and improves the chemical stability of the stationary
phasé®

Analyte retention as laighly complex process, results from the interplay of multiple irged
intramolecular interactionbetween analytes, the stationary, and the mobile plsadetes
mostly interact with the stationary phase via hydrophobic interactions. For some stationary
phases, additional interactions can occur, suchi asteractions or in special cases hydrogen
bonding or ionic interactiond. Unwanted interactions like hydrogéonding and ionic
interactions with ionized or neutratesidual silanol groups caalso alter separation and are
dependent on the quality of the separation column and the surface gréftingeneral,
retention can be described as a function of solute hydrophobicity, largely affected by their
hydrophobic solute ar€aA 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.
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 molecul€.Retention of solutesan beguantified by the retention factlwhichis defined
as the time or number ratio of solutes in the stationary and mobile phase.
0 o o @
0 0
Here, tsp and twp represent the time solute spends the stationary and mobile phase,
respectively, andllsrandNwp represent the number of molecules in the corresponding phases.
The retention factor can also be related to the distribution coeffi€iantd the phase ratio of
the columrb,
Q09 O @)
w
where csp and cup are the analyte concentrations in the stationary and mobile phase,
respectively, ani¥spandVwp are the volumes of the stationary and mobile phase, respectively.
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In practical chromatographyhe retention factor is calculated from the elution time of the
analytet; and of an ideally non retained detimie marketto.’

.. 0 0
Q ©)
0
The relative retention and degree of separation of two analytes can be quantified by the
selectivityU wherek: is always the larger retention facfor.

Q (4)

In practicechromatographers select a column with a specific surface modification fitting to the
separation of the respective sampl@r instance aromatic compoundsthat ceelute on
conventional @ columns can often be separated on phatkyl modified stationary phases,
which exploit differences ini ~ interactiongo separate the analytégetention is then further
manipulatedby adjustment of theslution strength of the mobile phase, which influences
separationghrough the solvation of the stationary phase and by altering siobaodutie
interactions. An increase in elution strength and therefore a decrease in retention can be
achieved by reducing the W content or by switching torganic solvent®S) with a stronger

eluent strength. Fanstance by switching from MeOH to ACNWhile altering the mobile

phase is an inexpensive and flexible strategy to tune retention and to some degree sefectivity
the underlying mechanisms are not fully understood and prediction of occurring changes
remairs challengimg. 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 properiiguenceretention and selectivity on a fundamental
level.

[11.1.1 Retention modellingin RPLC

Severaltheoreticaimodels have beethevelopedo predictand provide insights intcetention

and selectivityMost attempts to create sufficient models are based on fitting large batches of
experimental data for a combination of multiple solutes, stationary phases, and mobile
phase$!® One of the first theories to describe retentioas the solvophobic theory, which
assumed that retention originates from repulsive sadoteent interaction&3The 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 phds&he existing limitations of those modedsein part
circumvented by modern models, which often describe retention as a combination of multiple
interactions described by different parameté. instance,lte SnydearDolan hydrophobic
subtraction modeprovidesinsights into the nature of soliitmlumn interactionsnd allows

the characterization of reversptlase colums& and provides insights into the retention
mechanism of RPL&%14|t identifies five major contributions controlling column selectivity,
namely hydrophobic interactions, steric resistance, hydrogen bonding acidity and Jeasicity
ionic interactions?® To derive these parameters retention factors of solutes obtained on different
columns are compared to a reference retention factor. Howsemmpounds per column

need to be investigated for each coldrmandthe model remains limited in various ways: more

11



Introduction

than five interactions could be responsible for retentiogse interactions may not be entirely
independent from each othamnd the correlation between proposed parameters and attributed
physicochemical properties remains uncléauch problems could cause a slight bias in the
model. Nevertheless, the modeffers a useful wayo compare the properties of different
columns andorovidesthe chromatographevith an initial understandingf how separations
shouldbehaveusingthese columns

Despite the improvednderstanding provided lgtention models, the complete predictznd
understandingf column selectivitthrough retention modetemains a distant goal for noW

The various modelshow great promise but the underlying principles influencing retention are
still unclear and difficult to determine with macroscopic properties obtained by experiment.
The description ofhe dution strength remains difficuéis wellas it was showby Teutenberg

et al’® They examined the possible correlation between the polarity parameter and the static
permittivity and showed thath e s e me as ur e s Homot cosreate wighrelutioni p o | a |
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 RPIGey instead recommended
solvent screening using different binary mobile phases before separations to find the optimal
mobile phasg® which can be a tedious proce3isoveralllimited view ofretention and the

elution strength of the mobile phase creates the need for other approaches to investigate the
retention process in RPL&hd to provide a better understanding of it

I11.2 Molecular simulations

The previoushapterdemonstratedhat retention modelslerived fromexperimental data are
limited in their predictive qualities antbatit is difficult to draw conclusionabout how exactly

the retention process is affected by the different experimental parameters. Molecular
simulations especially MD and Mont€arlo (MC) simulationsprovide an atomistidevel

view of the chromatographic interfaaghich canoffer new insights into the physicochemical
cause®f retention andelectivity, as well as show how these are influenced by mpbase

and stationanphase parameterdIC simulations compute trajectories through stochastic
moves,in whichtrial configurations are generatadd accepted based on a set of acceptance
rules?® On the other handyiD simulations are based on classical mechanics sak
Newt ond6s engtioratd dalourats timelépendent trajectoriés.

[11.2.1 Molecular simulations of the chromatographic interface

MD and MC simulationsre successfully used to investigate the chromatographic interface in
RPLC#61%24| inpa et al.were among the first to examine the chromatographic interface via
MD simulations. Analysis of solvent depletgitica pores with different surface coverages and
chain lengths showed that a higher degree of chain ordering (fewer gauche defects and larger
endto-end chain lengths) can be observed as chain length or grafting density increases. An
increase in temperate, on the other hand, leads to a reduction in chain ordering. The change
from monomeric to polymeric alkylsilanes results in a similar chain &fdérThese
simulations provided first insights into the structure of a soldepletedRPLC slit poreand

offered insights into the morphology of the bongédse, which could be responsible for the
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shapeselective behavior of some of the stationphase£®2The implementation of WACN

and W MeOH mobile phases into sliore models revealed that OS is enriched at the
chromatographic interface and that W density gradually decreases towards the silica surface,
where it canexhibit surface peak%?’ Siepmanret al. divided the pore into three different
regions based on the total solvent densities: the bepldase region (1), the interface region

(1), and the bulKiquid region (lll). The bondeghhase region contains the hydrophobic alkyl
groups and only small amounts afi\eents, mostly at accessible surface silanol groups. The
interface region encompasses tbgion where the total solvent density increases from 10 to 90

% of the bulk density. It washown that th€©S can be enriched in this region depending on the
type and amount of OS in tmeobile phaseThe bulk region contains the butkobile-phase

with constant solvent denst 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
phasesThe investigation of the chain order in those systems revealed that the orderigg of C
increases with increasing concentration of the®€9$82°

To address the mechanisms behind analyte retention Siepmann and coworkers used
configurational bias MC simulations to investigate solute retentiorpodganol anah-butane

in a slitpore model with WMeOH and WACN mobile phase®?® The examination of
incremental free energies of transfer of methylene and hydroxyl groups between an ideal gas
reference phase stationary phase, and a bulk mobile phase with varyin@$Vcontents
revealed retention thermodynamio$ the two solutes. Thdéavorable interactions of the
methylene group with the bonded phase are nearly three times ilangagnitude than the
unfavorable interaction with neat W. Interactions between the methylene group andQige W
mobile phase are still favorable revealing that there are no solvophobic interactions of
methylene groups with the mobile phase except foraot®ns with neat WThe 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.h@& distribution of those solutes reveatbé existence of multiple
sorption sites in the chromatographic interface and in the bonded phase. This revealed that
adsorption is important for thisolute in contrast to the view that retention of small apolar
solutes is dominated by partitioning-ptopanol on the othdrandmostly occupies regions

close to the chromatographic interface and shows little partitioning contrig@#omhese
simulationsrevealedhat the bonded phase in RPeghibitsmultiple sorption sites artthat it

does not act as a homogeneous phase in the retention pfdcats. publicationgxamining

the distributions of multiple different analytes revedtet in general, the retention mechanism

of apolar analytes is a mix of adsorption and partitionitngreasthe mechanism of polar
analytes results mainly from adsorptfdrio-3!

The surface diffusion of analytesghich is relevant for fast transport in RPWas investigated

by Rybkaet al.for four small aromatic compoundesthylbenzene, benzene, acetophenone, and

benzyl alcohol)in Wi ACN mixtures in an & modified slitpore system using MD
simulations?”3%32 Analytes in the st al | ed OS #Aditcho in the ch
experience an enhanced surface diffustosomparison 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 ta lubricating effect through analyte contacts with borgleakse
groups*?”3The highest mobility gain of up to ~1.5 tishe bulk diffusion was observed for
benzeneThe mobility gain decreases with increasing analyte size and polarity and increases
with increasing bondedphase chain length and surfaggafting density**° Additional
examination of retentioim the slitpore systemshowed that the retention order of the solutes
over the investigated range of OS contents could be reproduced digttitmitioncoefficient

K calculated from the density profiles by choosing a border between the stationary and mobile
phase® The diffusion profiles calculated Bybkaet al?>’%in Wi ACN slit-pore systems were

used to present a multiscale simulation apprpabich 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 coefficient®peq >3

[11.2.2 Molecular dynamicssimulations using GROMACS

GROMACS: s a fastand reliable open soura®ftware packageritten in the Cand C++
originally developed for higiperformance MD simulations difiological macromolecules in
aqueous and membrane environméntéDue to itsversatilityand computational efficiengy
it is now successfully used in many other fields such as food séeeeaterial sciencé’ as
well as in the study of solidiquid interfaces in chromatographic systeh41° It can be used
on single processors or for parallelization on kpginformance computers with the possibility
to use bothlgraphics processing units (GPUs) and central processing units (GRBMACS

is compatible with a wide range of available force fidsthe description of nebonded and
bonded interactions between atoms or groups of atBorsded parameters are provided as a
list of bonds, angles, and dihedrals between atoms or gratngie nonbonded interactions
can bedescribedusing LennardJonesor Buckinghampotentials and Coulomb interactions
Lorentz Berthelot combination rulesan then be employedo generatdhe parametergor
unlike non-bonded atonpairs*°

The equations of motiortan beintegrated usinghe leapfrog integratoy which alternately
calculates the positions and velocities of atoms at different points int&fth&he velocity
Verletalgorithm on the other hargtores positions, velocities, and accelerations at the same
time *4°The time steps of integratiahould bechosen, to describe the fastest motion in the
system, which for RPLC systems is the stretching of fhid Bonds, necessitating times steps

of 0.5fs or slightly longer, when specific bonds are constrafid® simulations can, among
other things, be conducted in the canonM¥IT (constant number of particlé constant box
volumeV, and constant temperatufg the microcanonicalVE (constantN, constany/, and
constant total enerdy), or theisothermailisobaricNpT (constantN, constant pressugg and

T) ensembleTo 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.

Slit-pore simulations in this work required prelimindsylk simulations to calculate bulk
densitiemnecessary for the setup of glibre systemsDue to the application of freezed groups
to simulate the rigid silica lattice, the implementation ofi\ipd” ensemble was not possible in
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the slitpore systems. Therefore, equilibration runs in thesliewereconductedor 40i 80 ns

in the NVT ensembleto form the chromatographic interface aadhieve constant solvent
densities in the bulk regiomvhich were determined by the preliminary bulk simulations. The
equilibration runs weréhen precededly productive runs of around 500100 ns in theNVT
ensemble to achieve satisfact@yalytedensity and diffusion profiles. Due to the size and
complexity of the simulation systemsimulations were mainlgonductedon the HoreKa
(Hochleistungsrechner Karlsruheupercomputer 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 availatlenber of76 cores per node on the HomeWere
chosen because the domain decomposition algorithm of GROMACS works best with small
prime factors in the number of tasks. $idre systems in this wonlequired144 cores per
simulation to produce trajectories of around 20 ns per day depending on the type of the
mobile phase.
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Fast transport of retained analytes in reveqdease liquid chromatography occurs through
surface diffusion in the organgolvent (OSe nr i ched i nterfaci al Adit
hydrophobic stationary phase and molealarwat er
dynamics simulations that recover the OS excess adsorption isotherms of a typical C
stationary phase for methanol and acetonitrile, we explore the relation between OS properties,
OS excess adsorption, and surface diffusion. The emerging molenrgapicture attributes

the mobilephase contribution to surface diffusion to the hydrelgend capability and the
eluting power of the OS. The higher affinity
bonds at the soft, hydrophobic surface presented by the bphdsd (@) chains reduces the

OS excess and the related viscosity drop in the ditch. The lower eluting power of methanol,
however, translates to increased bonpkdse contacts for analytes, which can increase their
mobility gain from surface diffusion above thargabserved with acetonitrile.
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1.1.Introduction

Fast surface diffusion is a unique and favorable mass transport characteristic of rphassed

liquid chromatography (RPLC) separations that contributes to the success of RPLC compared
with other highperformance liquid chromatography (HPLC) mo#é€hemical separations

by RPLC are carried out by injecting the sample mixture onto the column containing the
hydrophobic stationary phase while pumping
column to elute the sample components (the analytes) delyerMost RPLC columns
contain silicabased stationary phases that carry dimethyttadecylsilane () chains as the

main ligand of the bonded phase, often supplemented with trimethylsilaphern(@apping
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 i s a macroimesopor-ous
sized silica particles with nisized mesopores or by a silica monolith withrailar hierarchical

pore spacéThe 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 spdcand moderated by the presence of the bonded pHase.

bonded phase also |ines the macroporeiliquid

area in the column.) Analyte molecules that are dissolved in the mobile phase experience
hydrodynamic dispersion from fluid flow and bulk diffusion. Muelsearch has been devoted

to understanding hydrodynamic dispersion in the chromatographic bed from the relevant
column parameters, such as the packing microstrictirethe dimensions and shape of the
conduit? 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
(solidiliquid) interface. The i nsithuasonsmih of
mass transport through a chromatographic bed is a recent achievemant was preceded

by two decades of dedicated molecular simulation studies of the RPLC infeffadé.

The RPLC interface offers two distinctly different environments to small analyte molé€ules:
the bondegphase region, which contains the majority of the bormlease groups and the
surface of the silica support with the adsorbed solvent layer, and the interfacial region, which
contains the flexible ends of the bondggthse chains solvated predoamtly by organie

solvent (OS) molecule$:!® Analyte diffusivity in parallel direction to the silica surface is low

in the bondedphase region, but not in the interfacial regidhThe OS excess in the interfacial
region favors the diffusivity of bondgohase groups, analyte molecules, and OS molecules,
which all display a maximum in surfagarallel diffusivity inthe se a | | e d? Thedditch ¢ h o .
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 diffusivitythe bulk mobile phase. This is
advantageous, as surface diffusion is the main mode of analyte transport through the RPLC
column? 07 22

The influence of many stationaphase 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 simulatidrisbdt the mobilephase properties

(apart from the water (W)/OS ratio) have received little atterffiofhe 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 consideratiohgrice, viscosity (which determines the
column back pressure), purity, as well as compatibility with existing equipment and the detector
of choice. More often than ndhese 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 mobilephase is adjustable via the OS fraction (e.g., 60 vol % MeOH and 50 vol % ACN
have comparable elution strength).

Although the practical approach to mokilkase 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 separdfiovhich 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 levpicture 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*

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&3S. 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) fsdd Thwshddddae t h an
consequences for the surface diffusivity, as thee®&hed solvent composition in the ditch is

the main promoter of fast surface diffusfolhe negative OS excess was attributed to the W
dominated solvent layer at the silica surface, a conjecture later confirmed by Siepmann and co
workers? through molecular simulationsof ags t at i onary phase with Wi
of 67/33 and 33/67n(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 patrticipates to a higher
degree than ACN in the coordination of residual OH groups at the silica surface and thus
produces lesaegative OS excess. An explanation for why MeOH produces less positive OS
excess than ACN has not been put forward so far.

I n this work, we compare W MeOH with W ACN
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 idymamperties

of the RPLC interface with Wi ACN mobil e phe
work 2°>16:30:3\e yse our validated RPLC mesopore model of a dilased, endcapped;&C

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

related compounds (Figurke2) 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 therdgalticular. 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 betweenNteOH ditch and the ACN ditch, we pursue a
physicochemical definition of the mobifghase contribution to surface diffusion in RPLC.

10.00 nm ,

13.20 nm

Figure 1.1. RPLC slitpore model of a silichased, endcapped,{stationary phase
equilibrated with an aqueousTtiorganic mobile
as analyte and a mobile phase of 60/40 (v/v) W/MeOH is shown. The MeOH ditch shows as an
interfacial layer between thei§&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 statieplaage and mobie
phaseslements: Si, O, and H atoms of silica as yellow, red, and white sticks, respectigely; C
chains and €endcappingyroups of the bondeghase 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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o O

Naphthalene Ethylbenzene Benzene
121.84 A’ 115.78 A’ 81.18 A’
O~_-CH HO
5 | é Eo]H
Acetophenone  Benzyl alcohol Phenol
121.93 A’ 107.27 A° 89.97 A°

Figure 1.2. Molecular structures and van der Waals volumes of the RPLC an#lytes.

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 sfibre modef>153°The 12.14 x 13.20 x 10.93 Am
simul ation box cont ai nedistabalite 8i@resereolrs. The silicac a s |
surface was modified to represent an average endcappedl@nn with a ligand (€) density

of 3. 1 2 bysrandomly grafting 1.87 4 chains/nm and 0.56 € groups/nm to the

surface, which left 2.06 residual OH groupsfran the surface. The applied periodic boundary
conditions turn the system it 10 nm slit pore (Figurkl).

Except for the f or c&MeDH neobild ghase, avpusedshe saime forge t h e
fields as in our previous work: the parameters of Gulmen and Thompson for the silica surface
atoms3® the unitedatom version of the transferable potentials for phase equilibria (UA
TraPPE) for the bondephase group® the explicit CHARMM general force field for the

analyte molecule$’ and the extended simple point charge (SPC/E) force field foriv
combination with the UATraPPE force field for ACRf or t he Wi ACN mobil e
force field combination has been validated by comparison with experimental retentidt'tiata.

Our previous experience with MeOH as mofplease component was limited to the
chromatographic interface in hydrophilic interaction liquid chromatography (HILIC) with a
baresilica stationary phase, where fast surface diffusion is abs®&Hinding the appropriate

force field combination to represent solvent
phase was an essential prerequisite for simulations in the RPLiodiimodel. For MeOH,

we selected UATraPPE? because the respective version of this force field was also used for

ACN. Siepmann and eworkers, who established much of the molecidael knowledge
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about the RPLC interface®: * 7 1 8. bt did ndf cohtpute diffusivity data, used the TIP4P

force field for W in combination with UATraPPE for MeOH. Our use of the SPC/E force
field for W to model the WI ACN mobi“mr phase
Wi MeOH mi xtur es, however, the TIP4P and t he
less favorable than the TIP4P/2005 force fitldth experimental data for the selfffusivity

of W and MeOH! Therefore, we tested the SPC/E and the TIP4P/2005 force field for W
combined with the UATraPPEf or ce fi el d f or Me OH i n MD si m
mixtures.

Bulk box simulations were carried out for 11 W/MeOH ratios between 100/0 and 0/100 (v/v)
at a temperature of = 298.15K to compare with the available experimental data. The
simul ations wer e pNpTehsembieécdnstanbnumbérioflmblectNss a s
10000, pressunrg andT) and cont i nulNVIensemble (codsialf, Simutatson a s
box volumeV, andT) in Groningen Machine for Chemical Simulation (GROMACS) version
2020.4>%33Further 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 déraity the W and

MeOH seltdiffusivity.® 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 seHdiffusivities are better approximated by the TIP4P/2005 force field, wieh
therefore used to simulate W MeOH lamefledtsl e p h a
that the simulation of diffusivity data is considerably more challenging than the simulation of
densitydatfand i ncurs a computational cost. The si
the TIP4P/2005 instead of the SPC/E force field increased the CPU times for the same trajectory

l ength by a factor of 1.1711.5 (depending on

1.054 3.004 3.004

—e— Gonzalez et al.> —e— Derlacki et al.?® —s— Derlacki et al.%®
100 ——SPCE 2.75{ —— SPCIE _ 275{ —=—SPCIE
1 ——TIP4P/2005 - —e— TIP4P/2005 o —e—TIP4P/2005
T 2504 2,50
T_ 0.5 N“’ NE
g £ 2.251 @ 2.254
™ 0.90 % 2.00 © 2.001
- [a] -
pl = -
Z065] \51.75— 51.75—
a o 150 £1.50-
0.80 1251 Q2]
0.751— T T T T T 1.004—= T T T T T 1.004= T T T T T
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Figure 1.3. Comparison of experimental d&t& f or W Me OH bul k mi xt
corresponding data simulated with the SPC/E or the TIP4P/2005 force field for W in
combination with the UATraPPEforce field for MeOH. Total solvent density (left), self

diffusion coefficient of W (middle), and setfiffusion 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 stpore model were carried out using GROMACS version 2019.6

for a canonicaNVTensemble at = 300 K controlled byaN@&® Hoover ther mostat
minimization was conducted with the steepdsscent method. Initial velocities were randomly
assigned according to a Marawedettiosgabclinteragtiansn n  d i
were provigtdd by the partickenesh Ewald algorithm. Nonbonded interactions were modeled

with a 12 6 LennardJones potential. Lennatlbnes parameters for unlike interactions were
obtained from the LorentziBerthelot combinat
radius of 1.4 nm was uséd.

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 stationaryephésch involves
coordination of residual OH groups on the silica surface by predominantly W molecules and
solvation of the bondeghase chains by predominantly OS molecules, is complete and the
system has reached a steady state. With our slit pore rttuslalymber of W and OS molecules

in the box is manually adjusted between shait@ulation runs until the W/OS ratio in the true
bulk region ofthe slit pore (defined by constant total solvent densitgjches the targeted
W/OS ratio of the mobile phase to +1%his degree of accuracy is necessary to calculate
diffusion coefficients, which are highly sensitive to the solaarhposition.

Simulations in the slit pore model were carried out MWifayte= 10 f or Wi Me OH and
mobile phases at W/OS ratios between 80/20 and 10/90 (v/v). Each com{bemzéne,
ethylbenzene, naphthalene, phenol, benzyl alcohall acetophenone) was simulated
separately. Data fobenzene, ethylbenzene, benzyl alcohol, and acetophendng iA C N

mobile phases were calculated from previossiyulated trajectorie® Additional simulations

without analytecompounds wer@ er f or med f or Wi Me&tOres agwa@dS Wi ACDH
ratiosof 98/2, 95/5, 90/10, 65/35 (WCN only), 5/95, 2/98, and 1/99 (v/v) to complete the OS

excess adsorption isotherms. The numbers of W anth@&cules in the simulation box for

each W/OS ratiodetermined as described in pngihary simulations, are listed Table1.S1.

Af ter equil i br at ipmductigesimulatioth gajectdries dadtad Bddwean 819
and926ns wi th WI MeOH mobil e pda&2s83e sn sanwvd tthe tWv eAeCrN
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 outpatifrency was set to 0.5 ps.

Due to the advanced W force field required f
and the higher number of solvent mol ecul es
phases (Tabl&.S1), slitpore model simulations required on average 35% more CPU time with

Wi MeOH t han wi t h Wi ACN mobil e phases t o g
Simulations in the slit pore model and the bulk box were performed on 144 and 72 cores,
respectively, bthe highperformance computer HoreKa of the Steinbuch Center for Computing

at the Karlsruhe Institute of Technology (Ka
was used.
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1.2.3.Data analysis
1.2.3.1.Determination of OS excessadsorption isotherms

OS excess adsorption isotherms were determined according to Exeetd on the amount
of W and OS in the system. The data points were calculated as theedigadd surface excess
of the OS according to
0£U£ 0 Q.. j 0 Q.. |
whereAs= 320.50 nris the area of the silica surface inthe slitpbkei s Avogadr obés n
Nos andNw are the number of OS and W molecules in the simulation box, respectively, and
.. and..., 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 =

(1.2)

315 nm). Not ew tivirdepertddniof thealit pore diasnkter, 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 c&9eBecause 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 targetea/f) W/OS ratio of the nominal mobile phase to £1%, that.is;

.5 and... j ... i ,»@ 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 th@ data shown in Figurd.4 from ... and ... j as
determined from the W and OS density profilegat 37 5 n mlSlRndb5). Mhes
respective values are listed along thoséNi@randNosin Table1.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 uni®dm groups of the bonded phase as a
function of the distance z from the location of the Si surface atem$ (im). 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 >Inm, respectively. For the bondetiase 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
normaland the vector pointing from the CH3 uniatbm 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
(x0.025nm) 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 solvent solvent hydrogerbond density profiles

The number of W W and WI OS hydrogen bonds (H
of Me OHT Me OH HBs per Me OH mol ecul e wer e (o
criterion(r Orpg). The cutoff radiusns (Table1.S2) was derived from the minimum following

the first maxi mum in the radial di stributior
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pai rd X(@XHN,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 surfacd parallel diffusion coefficient profiles

The distance 7-dependent diffusion coefficient of W, OS, and analyte molecules and of
bondedphase groups in paralleky) direction to the silica surfac& (z), was calculated

following an approach by Liu et &l Each target molecule or bondpHase group was allowed

a maximum shift of £0.3 nm around #gposition at the start of the observation interval. When

a molecule or bondephase group left its assignednterval, its further movements were
discarded. The mean squared displaceient O @ 6 & 0 Obf the observed species

was repeatedly recorded during observation intervals of 20 ps shifted in 0.5 ps time steps
through the trajectory> (2) was then calculated using a bin size of 0.2 nm from the linear slope

of the observationcurvé¥ 471 16 ps) according to the Einst

., pAd oaq 1.2

B TR
Following GROMACS procedure, an error estimate was obtained from the difference between
the values oD (2) calculatedfot= 471 10 and 1071 16 psDmnxiatuesor est
of analytes were in the range#ff.08 to+0.20x 10 ° m?s. Error estimates for tH2 maxvalues
of the bondegbhase groups C16 to C18 were in the range of +0.18 to +0.36° xi/8 with
Wi MeOH mobile phases Pands NG .t2h3 WioA CWNO .mo7 i1l el C
estimates for th® puik values of analytes were in the range of +0.01 to +0.13 %nitls.

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

of the pore so that the respectiygz) profiles may show poor statistics in the bulk region even
with simulation trajectories of close to 1 ¢
and 207140 vol % ACN; ethyl benzene at 20 and
ACN), the constandiffusivity values representing the true bulk region in Bhé¢z) profiles

were substituted b}> puxv al ues obtained from simulations
mixtures at the respective W/OS ratios. Bulk box simulations were performed in GROMACS
version 2020.6 adlpT ensemble for 20 ns and continuedNT ensemble for 50 ns with

Nanayte= 10 andNw + Nos = 20 000 afl = 300 K. Error estimates f@ pux values from bulk

box simulations were in the range of +0.03 to +0.07 'R ad/s.

1.2.3.6.Determination of bondedphase contacts

The average number of contacts with bongbhdse groups per analyte molecuBes) was
determined based on a distance criterio® (c). The cutoff radiusc was derived from the
minimum following the first maximum in the RDF between the ceofenass of an analyte
molecule and a unitedtom group of the bonded phase. Analyte contacts were calculated from
20 ns trajectories for ainterval of £0.0251m around(D max) using a bin size of 0.05 nm.
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1.2.3.7.Determination of soluté solvent hydrogen bonds

The average number of solutelTW and solutel O!
from 10 ns trajectories forainterval of £0.025 nm arourg{D- max) Of phenol, benzyl alcohol,

and acetophenone using a bin size of 0.05 nm. The respegivaues (Table4.S3 andl.S4)

were derived from the minimum following the first maximum in the RDF of the respective
donoriaccepPtXdt=N@.i r X1 H

1.2.3.8.Determination of solute orientation

The orientation of the moderately polar analytieenol, benzyl alcohol, and acetophenone was
determined for W/OS ratios between 80/20 and 20/80 (v/v)Zanterval of £0.025 nm around

z(D may). Solute orientation is described by the cosine of the dngketween the respective
molecular vector and the surface normal and was calculated from the complete trajectories
using a bin size of 0.0&m.

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

di scussion of the OS excess adsorption isot
mobile phases. Figurd.4 shows that the simulated OS excess adsorption isotherms
approximate the shape of experimental isotherms obtaineddfor&€! umns, parti cul a

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.riggéngly, the OS excess maximum is at 30 vol

% MeOH and 35 vol % ACN, which correspond to the same molar fraction pf T ¢

12 4 12 1

ACN ACN
MeOH —e— Bocian et al.%’
104 104 —e— Kazakevich et al.%®
o 89 ~ 84 MeOH
‘E IE —e— Kazakevich et al.%®
s 64 S 6 —e— Bocian et al.?’
£ =
3 3
4 4
Tw N
=0 <0
~ 5l ~ o
O dmmm e 1
T T T T T T T T T T T -2 4 T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 10
A0S .bulk Y08 bulk

Figure 1.4. Molar-based, arealeduced OS surface excess () adsorption isotherms for
MeOH and ACN (left) obtained from MD simulations in the RPLC-stite model of an

endcapped Gphase with a | i ga rrdoluneased, argaleduéded @S 11 ¢ n
surface excessy ) adsorption isotherms for MeOH and ACN (right) acquired by Kazakevich
etal®foraGscol umn with a | i ga#RahdyBotianietdiforaCs 2. 51
column with a ligaAd density of 3.27 emol/ m
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Positive and negative OS excess is usually less pronounced in the simulated isotherms than in
the experimental ones (Figutet). 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, molecukdevel vs macroscopically based, used for determining the OS excess
amount, and (ii) the differences between the RPLGmstite model and {g columns.

Determination of the moldrased OS excess amount bylelgfrom the moleculalevel 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 molewvelar
information is inaccessible. The OS exxasnount 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 thieermodynamic 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 colump’*®Molecular simulations have since shown that this assumption is
not valid for the chromatographic interfaces encountered in RPLC and M3¢8

To illustrate the principle by which OS excess adsorption is experimentally determined, we
briefly recount the pycnometric methétiThis 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 weidbefdre 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 selilledtcolumn is taken as the
weight of the solvent in the equilibrated column. The total density arabthent 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 concentrat 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® This is unsurprising as the W and OS density profiles (Figlt®$ and1.5,
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 borplease chains anthe 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 RPLCpsire model
with W MeOH (Il eft) and Wi ACN mobil e phases (
(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 slitpore model replicates the relevant properties of the particydaroimns used for
comparison or of & columns in general. HPLC column properties fall into two categories:
morphological andchemical. The slit pore model focuses on the latteorphological
properties are outside the scope of itvgstigation. It could be argued that the admittedly more
elegant shape of the experimental isotherms hintsharahological influence. But whether

the presence of poreurvature in realife columns or the complex morphology e
chromatographic bed shapes the OS excess adsorptithierms cannot be answered at this
point.

Regarding chemical column properties, our RPLGpslite model was constructed to reflect
the average stationaphaseproperties of typical € columns for small moleculgeparations.
The stationarphase properties relevant to @8cess adsorption are the main ligands)C
density, thgresence and density of endcapping groups, and the presehdensity of residual
OH groups and charges on the sikcaface. Residual surface charges, which are considered a
disturbing factor for RPLC separations, are not accounted fmrr model. But it must be said
that negative surface chargesd to increased W density in the chromatographic interface,
which is responsible for negative OS excess. Likewiselikence of endcapping increases the
amount of negativexcess®3’ The absence of surface charges and the preseeoecdpping

in our slit pore model are therefore in agreenweitit the low amount of negative OS excess
shown by thesimulated isotherms. Overall, however, the impact of differemcetationary
phase properties between our RPLC-ptite model and the ¢ columns should not be
overestimatedonsidering the variation in the experimental isotheaowgiired for @g columns

with similar stationaryphaseproperties.

1.3.2.0rigin of positive OS excess

The simulated OS density profiles and their evolution over the range of W/OS ratios
(Figurel.5) provide information about the contribution of each OS density peak to the overall

OS excess. The respective W density profiles
minor interest here and shown for the sake of completeness in Eig@lrén 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 \.exces

The definition of the chromatographic interface as introduced by Siepmann -avathers?®

and used in our earlier studt@s®393Iplaces 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 sationary 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 staplbaseyinfluence.

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 (Figurel.5). The small density peaks closer to the silica surface €a0.825 and
<0.925nm, respectively, in the MeOH and ACN density profiles) represent solvent layers
associated with the bondg@thase region, which contains the silica surface and the less flexible
bondedphase groups of the first and second chain segmen{ (CH &(I2H3! Accordingly,

the function of OS presence in the bongdase region comprises the coordination of residual
OH groups at the silica surface through HB formation (first OS density peak), the coordination
of surfaceadsorbed W and OS molecules (second aind @S density peak, respectively), and
solvation of bondeghhase 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 coaation of surfaceadsorbed W and ACN molecules

and on bondeghase solvation.

Together, the first three OS density peaks a
of ACN molecules in the solvated stationary phase (ThBI®). This means that although ACN

has on average more density than MeOH in the bepteade 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 locdtethe fourth solvent layer associated with the interfacial

region, which contains the more flexible bong#thse groups of the third chain segment

( O G(1B)) 3! Therefore, the ditch is the producer of positive OS excess. The OS enrichment in

the ditch remains recognizable in the OS density profiles (FihGjeup to a mobile phase of

80/20 (v/v) W/OS.

Figure 1.6 uses the common mokplease component, W, as a reference point to summarize

the essenti al di fferences between Wi MeOH anc
composition of the solvated stationary phase. Shown is the difference betweesptive

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. Figuré visualize t ha't Wi Me OH mobi |
generate less excess W density in the immediate solvent layer at the silica surface and more
excess W density in the ditch than Wi ACN mob
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Figure 16.Di f ference i n excess W density profiles

phases for W/OS ratios between 98/2 and 1/99 (v/v). The excess W densiiy)(is the local
W density normalized by the constant W density in the true bulk region of the pore. Difference
profiles were calculated @s/nor{ Wi Me O Hynori WI ACN) at a given W/C

OS orientation in the ditch is a function of the W/OS ratio of the mobile phase (Eigurat

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 ditble. 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 nos igradual loss with increasing MeOH content of the liquid,

was observed by sufrequency vibrational spectroscopy studies of the preferential adsorption

of MeOH from WI MeOH mi xt ur ewered silicchsybdtraté$*h o b i c ,
ACN preferential orientation in the ditch is parallel to the silica surface. This suggests that the
different hydrogerbonding capabilities of MeOH and ACN are behind the observed

di fferences in the OS excess generated with
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Figure 1.7.0S ori entation at the OS density maxi mu
(left) and W ACN mobile phases (right) at W/
are probability distributions for the cosine of the angleetween the surface normal and the
vector pointing from the C¥lnitedatom group to the O atom of MeOH or the N atom of ACN.

To investigate the role of solventisolvent h
HB density profiles. To remain consistent with the viewpoint of OS excess adsorption, the HB
density in the solvated stationary phase is analyzed with respéet kBt 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 Wi W, W OS, and MeOHT MeOH HBs, as
comparison shows that Wieavitetd HB dasity inkheintgrfacals e s h
region, whereas Wi ACN mobile phases have hi
reflecting the excess W density profiles of Figlii® The ditch is revealed as the location of

maxi mum Wi OS HB density (and also of MeOHI Me

the true bul k region. |l mportantl vy, the norm
higher than in the ACN ditch. This providgt the higher affinity of MeOH for the formation
of Wi OS HBs at the soft, hydr o4phagelchams is ur f a «

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
bul k region of the pore, for WI MeOH (l eft) a
between 80/20 and 20/80 (v/v). Top: normalized total HB density, bottom: norm@lize@ S

HB density.

The increased WI OS HB density in the MeOH di

at the silica surface. The higher affinity
HBs compared with ACN molecules results in increased MeOH and decreasedity atethe
silica surface compared with W ACN mobil e ph

positive W excess or negative OS excess than ACN at very high OS volume fraction in the
mobile phasé?Anot her consequence of the high affin
HBs is that Wi MeOH mobi |l e p h assicasoludns bescanse wo r k
the generated positive W excess is not sufficient to support a retentivd Valyer?®

I n addition to higher relative WI OS HB densi
HBs and a higher r el atlB3)thanWe ACNdiBh. oeseqientlyy ( Fi
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 frosarface diffusion for analyte molecules in the MeOH ditch.
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1.3.3.Surface diffusion in the OS ditch

The surfaceparallel diffusivity profiles shown in Figurk9 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-tmcalized with the OS density maximum, the
analyte mobility maximum is locatedrther toward the bulk mobile phase, as increased contact
with the less mobile, lowemumbered, bondeghase groups slows analyte motion dé\iiime
highernumbered bondephase groups at the chain ends are as mobile as the analyte molecules
themselves (Figur#.10).

2.25 1 180 2.254 Diffusivities:

—— Naphthalene
2.00 170 2.004 Ethylbenzene
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1754 460 1.754 Acetophenone
o < D b Benzyl alcohol
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Figure19.Surfacepar al | el di ffusivity profiles for an

mobile phases (right) at a selected W/OS ratio of 50/50 (v/v). For context, the OS, W, and
bondedphase density profiles as well as the OS surfaallel diffusivity profiles are shown

in the background. The dashed line indicates swipacallel diffusivity values taken from bulk

box simulations.

Figure 1.10 compares the maximum surfguarallel diffusion coefficientsD max Of the

analytes obtained from the respective suraaeallel diffusivity profiles, with MeOH and

ACN as OS (Figure$.S4andl.S5) . Due to the higher %thescosit
D max values obtained with WMeOH mobile phases are clearly below those obtained with

Wi ACN mobil e ph ®&smawlue obtdined with Mebld astOS, for benzene at

80 vol % MeOH, remains below th2 max value obtained at 80 vol % ACN for the slowest
compounds, acetophenone and benzyl alcohol DT lagx curves of the analytes obtained with

Wi MeOH mobile phases exhibit a shal IDmxer i nc
curves obtained with WACN mobile phases so that the los®imaxcompared with WACN

mobile phases is largest at 80 vol % OS. At 20 and 80 vol % OS, analytes lose on average 25
and 37% oD max respectively, with MeOH instead of ACN as OS. Fighf® also shows

that the last three alkyl groupsinthg€h ai ns, whi ch consti-phase e 801
presence ax(D may, retain their mobility in relation to thB max values of the analytes in

WiMe OH and WI ACN mobi | B mapalesao €H(18)tcdmpdre withs , t he
those of the apolar analytes and Bhenax values of CH(17) and CH(16) with those of the
moderately polar ones.
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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 maximwatetal mobility gain,
D madD puk, IS shown separately for the apolar and the moderately polar analytes in
data reveal

Figurell 1 .
mobility gain

generally |l ower for
thus unfavorable to the diffusive mobilf§y Figure1.11 therefore indicates the existence of

another influence on surface diffusion with the potential to override the OS ertassl

solvent viscosity changes.

1.6
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Figure 1.11. Maximum lateral mobility gain from surface diffusion for apolar (left) and

moder ately pol ar
between 80/20 and 20/80 (v/v).
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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 aomasocare 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. Forsp® ase equi |l i brated
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 moles and bondeghase groups @D may).*® This is

not trivial, as the complete analyte density in the solvated stationary phase counts toward
macroscopic analyte retention. Figité 2 conf i rms t hat Wi MeOH mobi
entail more bondeghase contacts for analyte moleculesz(& may than W ACN 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 group&the bondeebhase contacts atD may) 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 Figlirg2 reflect that the apolar compounds tend to have

more bondegbhase contacts afD may) than their moderately polar counterparts.

354
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Figure 1.12. Average number of bondgzhase contacts per analyte molec@erf for apolar
(left) and moderately polar analytes (right) at their surfzer@llel diffusivity maximum with
Wi MeOH and Wi ACN mobile phases at W OS ratio

We have previously shown that a high number of contacts with the flexible ends ofsthe C
chains enhances the lateral mobility of analyte molecules in the 8ittBondedphase
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 bphded
groups increases or detracts from the analyte lihobi the ditch, however, depends on the
mobility of the bondegbhase groups themselves and on the OS volume fraction in the mobile
phase.®3°The latter determines the analyte environment in the ditch, that is, the number of
bondedphase contacts through the retentive conditions as well as the number of contacts with
W and OS molecules through the local solvent composition.
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To distinguish between the influence of bongédse contacts and that of the local solvent
composition on thanalyte diffusivity in the ditch, we previously introduced tmncept of
active and passive stationgspase contributions tsurface diffusiort®3° The active (direct)
stationaryphasecontribution originates from the bondptiase contacts @nalyte molecules

in the ditch, whereas the passiveifairect) stationarphase contribution originates from the
hydrophobic effect, which causes the OS excess in theatittthe ensuing viscosity difference
to the bulk mobile phaséctive and passive stationaphase contribution are relatddough

the experimental conditions: A high numbebohdedphase contacts for analyte molecules in
the ditchsignifies highly retentive conditions, realized at low OS volfnaetions in the mobile
phase, which in turn signify high GScess in the ditch (Figurke4).

The active stationarphase contribution is quantified bpmparing the observedl maxvalues

with diffusivity valuesexpected for the local solvent compositionzdd may. Figure1.13

shows that the active stationgriiase contribution tB max (i) decreases with the OS volume
fraction in the mobile phaséi) is larger for the apolar than the moderately polar analgtes,

(iii) is larger with MeOH than ACN as OS. The observfed r ger mobi | ity gain
mobile phases can thus b#ributed to an increased active stationalmase contributiono

surface diffusion and ultimately to the lower eluting poafeMeOH compared with ACN.
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Figure 1.13. Active stationaryphase contribution to the maximum surfgagallel diffusivity
of apolar (left) and moderately polar analy
phases at W/OS ratios between 80/20 and 20/80 (v/v).

The retentive conditions provide, however, no explanatanwhy the moderately polar
analytes have a lower mobilityai n wi t h Wi MeOH t han WiI ACN mob
volume fraction in the mobile phase (Figar&l). We return tehis question in the next section.

1.3.4.Influence of analyte properties on surface diffusion

At last, we review the generated diffusivity dé&ba evidence about the influence of analyte
properties on th&ateral mobility gain from surface diffusion. In previous werih a limited
analyte set and Wi A@bluded ehatithe éateral Imabg gas fromw e
surface diffusiordecreases with increasing analyte polarity andsizesiew ofthe data from
the extended analyte set and molpleasecompositions shown in Figurell, we have to
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correct ouroriginal statement. The inverse relation between the |atepaility gain and the
compound polarity is confirmed, but arfluence of the molecular size is not recognizable.

Before we come to the surface diffusivity, we evaluatedigy@endence of the bulk diffusion
coefficient,D buk, On the OSype and W/OS ratio of the mobile phase. Figldet reflects

several known relationshif8(i) analytes have consistentywer D puk values in W MeOH

mixtures due to the inverselationship between the bulk diffusivity and the solwastosity
(fractional St okesT Ei ns twihipolar graupsddve londsptki p ) ; (
values than apolatompounds of comparable size due to the slowing effest@fi ut e sol ve
HBs; and (iii) theD puik values of apolacompounds decrease with increasing size or van der
Waalsvolume. TheD puk values of he moderately polar analytes dot decrease with their

van der Waals volumes because of thiduence of the respective HB capabilities of the
compoundsThe highly similaD puk values of acetophenone and beratgbhol, for example,

can be explained by an offset betweenl#iiger van der Waals volume of acetophenone and

the highemumber of soluteisolven? HBs formed by &

3.0

—e— Naphthalene
Ethylbenzene
—e— Benzene
- 2.51 Acetophenone
‘n Benzyl alcohol
o —e— Phenol
£ 204
2
o
T 1.51
3
S
1.0
0-5 T T T T T T T T T T T T T T T T 1
10 20 30 40 650 60 70 80 90 20 30 40 50 60 70 80 90 100

vol % MeOH vol % ACN

Figure 1.14. Surfaceparallel diffusivity of apolar and moderately polar analytes in bulk
Wi MeOH (l eft) and WI ACN mixtures (right) at

The observations made about the,uk curves of thenalytes also apply to the) maxcurves
(Figure1.10), that isthe influence of analyte and OS properties on the suddissivity is
largely predicted by the analyte diffusivity in trespective bulk liquid. For example, tBepui
values of theanalytes increase less at ilgleOH volume fractions than aigihn ACN volume
fractions, and this is the main reason for hher flatD- max curves obtained with WMeOH
mobilephases.

Returning to Figurd.11, differences between the analytegarding the lateral mobility gain
from surface diffusion areecognizably related to the absence or presence of polar groaps
compound. Because apolar analytes do not require salssmtiation, theld ma/D puik CUrVes
are fully explained by thpassive and active stationgpjpase contributions to surfagiéfusion.
Analytes with polar groups are less retained thpolar analytes of comparable size and
consequently receiveraduced active stationaphase contribution. The inferioetention of
analytes with polar groups is caused by the riee@primarily) W association, which limits
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their densityaccumulation in the solvated stationary ph&$éin the ditch,these analytes

orient their pola groups toward the bulk regioffriguresl.S 61.S8) to sustain HBs with

solvent molecules of themobile phase (Figur&.15), which has a retarding effect on their

surface diffusivit’ The i mport ance of tseodducedadtie stationamt HB <
phase contribution explain whiie D' mafD buik curves of the moderately polar analytes with

MeOH as OS are only modestly elevated abovéthes/D puik curves with ACN between 20

and 50 vol % OS and thelecrease sharply at >50 vol % OS. Unlike ACN, MeOH hasihe

capabilities to substi tentsaurWsi n hsaal wtod Tud celi vseo
at declining W volumdraction in the mobile phase (Figul€l5), which pushes thiateral

mobility gain of the moder at el ybelpaotheganinanal yt
Wi ACN mobakes at O60 vol % OS. Ovevaalathel , t h

influence of analyte and OS hydrogeonding properties on the lateral mobility gain of
moderately polacompounds from surface diffusion in RPLC.

3.01 W/MeOH W/ACN
Acetophenone
Benzyl alcohol
2.5 7 Phenol —— -e-
=
2
5 2.0~
2
=2 3
S154 e RE
m T~ - -
L e ---9__
==- 9
1.0
0-5 1 v T v ] v I v T v L) N T
20 30 40 50 60 70 80
vol % OS

Figure 1.15 Average number of soluteolvent HBs per analyte molecule for moderately polar
analytes at their surfaggear al | el di ffusivity maxi mum with
phases at W/OS ratios between 80/20 and 20/80 (v/v).

1.4.Conclusiors

In this study, we investigated the underlying principles of OS excess adsorption by the
hydrophobic stationary phase from the WI OS m
the surface diffusion of typical analytes. The data for this task were obtkoradMD

simulations in a slit pore model of a siibased, endcapped;g3tationary phase equilibrated

with W MeOH and WI ACN mobile phases over a w

Analysis of the simulated OS excess adsorption isotherms revealed that positive OS excess is
generated in the interfacial ditch and char
density. The superior HB capabilities of MeOH compared with ACN translatecteased

Wi OS HB density in the ditch and thus a | ow

40



Chapter 1

expressed, the high affinity of MeOH for the
surface drags a larger amount of W from the mobile phase into the solvated stationary phase.
This conclusion explains also the experimental OS excess adsorp@oobtaned for RPLC

columns with mobile phases containing MeOH, ethanol, isopropanol, tetrahydrofuran, or ACN

as the 0S.>" Iypically, an OS with a lower Hansen hydrogemmd parameté? 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 WI OS nomtherespectpehHBs e s i
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 canldrger with

Wi MeOH mobil e phases. The | ower eluting powe
contacts between analyte molecules and the flexible bepitiese groups in the ditch. These
bondedphase contacts are largely favorable to surface diffusivity, an advantage that is fully
adopted by the apolar analytes. Analyte molecules with polar groups, however, sustain
solutelsol vent HB spens theirsunface diffusivity btompaved with dpolat a m
anal ytes in general and with W MeOH compar ec
as MeOH entails a | arger number of solutelso

From the conclusions about the mofplease contribution to OS excess adsorption and surface
diffusion, the hydrogeionding capabilities of the mobifghase solvents and, to a lesser
degree, that of analyte compounds emerge as the key to understaratiagiadtphenomena

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.

(ON W Me OH 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 1.52.Maximum distance betweendonosftK and acceptor X at oms
HBs with W MeOH and W ACN mobile phases.

rus (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 donorktK and acceptor X at oms
HBs with W MeOH mobile phases.

rus (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 (Phenal) 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 1.54. Maximum distance between donorktK and acceptor X at oms
HBs with W ACN mobile phases.

rus (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.

0Ss W Me OH W ACN
vol% Peakl Peak2 Peak3 Ditch Peak1 Peak?2 Peak3 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 RPLGstite model

with W MeOH (left) and W ACN mobile phases
(v/v). Number densities were calculated from the O atom of W.
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Figure 1.S33W W HB number density profil es, nor mal i z
MeOH (l eft) and W ACN mobile phases (right) a
Dashed lines indicate the OS density maxima.
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Figure 1.S4.Surfaceparallel diffusivity profiles for the apolar analyteaphthalene, ethylbenzene,

and benzene (top to bottom) with W MeOH (Il eft
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. Surfaceparallel diffusivity profiles for the moderately polar analyéegtophenone,
benzyl alcohol, and phenol (top to bottom) wit
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.S6.0Orientation of acetophenone molecules at their swacallel diffusivity maximum

in the ditch generated with W MeOH (Il eft) and
between 80/20 and 20/80 (v/v). Shown are probability distributions for the cdsine angleU

between the surface normal and the indicated molecular vector.
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Figure 1.S7.0rientation of benzyl alcohol molecules at their sudpagallel diffusivity maximum

in the ditch generated with W MeOH (Il eft) and
between 80/20 and 20/80 (v/v). Shown are probability distributions for the aafsine angleU

between the surface normal and the indicated molecular vector.
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Figure 1.S8.Orientation of phenol molecules at their surtpegallel diffusivity maximum in the
ditch generated with W MeOH (l eft) and W ACN
80/20 and 20/80 (v/v). Shown are probability distributions for the cosine ahtiieUbetween the

surface normal and the indicated molecular vector.
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Reversep hase | iquid chromatography (RPLC) oper a

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 retentiercombine data from
molecular dynamics simulations of small, neutral solutes (six analytes and two dead time

mar ker s) i n Wi methanol ( MeOH) and Wiacetoni
retention data obtained on an RPLC column over a wide rang#@$ ratios. Data derived

from KirkwoodiBuff integrals show PS by the
ti me marker s. Wi ACN mi xtures generate a hig

which contributes to the higher eluent strength of ACRBLC. 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 elemegisnd | i mi t ed by functional gr ou,
hydrogen bonds pinpoints the hydrogsand requirements toward W as the retentioniting

factor. The relation between the solute solvation shell and retention confirms the importance of

Wi OSdasol utei W hydrogen bonding for RPLC ret
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2.1.Introduction

Chemical separations in higierformance liquid chromatography (HPLC) occur in a column
t hat contains the stationary phase @&at®ela mac
tube! The stationary phase consists of the solid support structure, typically silica, and the
chemically bonded phase. The liquid mobile phase is predswen through the column, first
to solvate the stationary phase (the silica surface and the bondedgith®n, 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 fectwhich gives the
retention timet: that an analyte has spent on the column relative to the tirtigat an
approximately inert solute (referred to as a dead time marker) has spent on the column:
0 0 ‘ 0 (2.3

0
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 phise, and is directly
proportional to the analyte distribution coefficiévia the phase ratib of the column:

0 o e 0] 22
0 W w

wherecspandcwvp are the analyte concentrations in the stationary phase and the mobile phase,

respectively, ani¥spandVwp are the volumes occupied by the stationary phase and the mobile

phase in the column. Equatio24& and2.2 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:-phassed

liquid chromatography (RPLC), hydrophilic interaction liquid chromatography (HILIC), and
normatphase liquid chromatography (NPLEJhe modes differ in the combination of column
functionality and mobilgohase composition and cover different (though overlapping) analyte
spectr a. Based on the principle that #Alike ¢
selection is largelguided by solute polarity: solutes of low to moderate polarity are separated

by RPLC on columns with hydrophobic functionality, such as octadecylsilaged@umns,

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 polarigyativbut contain polar
functional groups. Mobile phases for NPLC are typically free of water (W), whereas RPLC and
HI'LI C work with Wrorganic solvent (0OS) mixtu
more restrictive than RPLC regarding the W/OS ratid the OS typ#.

The common mobilkphase concept of RPLC, HILIC, and NPLC is the combination of a
Astrongo eluent with a fAweako eluent, which
the mobile phase through the W/OS or OS/OS faltioportantly, the weak eluent is defined
relative to the column functionality. Thug/ 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 NPELient

strength quantifies the effect of a given solvent as a mpbidse component on analyte
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retention in a certain HPLC mode. Although several, more or less elaborate;stlargth

scales were developed empirically for HPLC practis@hysicochemical explanation of eluent

strength from the moleculdevel picture has not been pursued yet. Considering the range of
solvent interactions present in a typical [
solventisobmded pbasent and solventisilica s
contribution of a particular eluent to analyte retention is complex and likely depends more or

less sensitively on the other components in the system.

Equation 22 reflects that analyte retention has a statioqdngse side and a mobjase side.

The mobilephase solvents, however, contribute to both sides, as solvent molecules are an
integral part of the solvated stationary phas&ecause 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 statiphase sidé.” 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 (shwedlkanes anah-alkanols) between a

l' i guid W or Wi OSn-alkdnaanealkaaah ghas@®' Bfie gtuds? devealed
that, in W MeOH and WI ACN phases, the methyl
solvated by OS and the hydroxyl groups by W. Moreover, Siepmann andrkers proved

that the observed preferential solvation (PS) was not due to pregxsiivent clusters in the

mi croheterogenedus Wi OS mi xtures.

As the PS of solutes in the kind of W OS and
in RPLC, HILIC, and NPLC has been reported for decdddsthe 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 irfdi€ators.

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, hoveggsestions not only the
significance of indicatebased elution strength scales but étgogeneral concept of the elution

strength as a bulk liquid property. But what if the individual solute environments are indicative

of the mobilephase elution strength and to some degree even of-spletific retention?

In this work, we attempt to answer this question for RPLC separation of small molecules. We
combine data from mol ecular dynamics (MD) si
mixtures with experimental retention data obtained for these solutes qa @Il@mn 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 practitech are carried out on silidzased,
endcapped, @ columns with MeOH or ACN as OS. MeOH is a weaker eltieaa 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 (RAdyreomprises

three apolar and thremoderately 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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Naphthalene Ethylbenzene Benzene
3.30 3.15 2.13

Acetophenone Benzyl alcohol Phenol
1.58 1.10 1.46
Acetone Uracil
-0.24 -1.07

Figure 2.1. Molecular structures and l&gw values®®’ of the investigated RPLC analytes
(logkow > 0) and dead time markers (kKgw < 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.

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 ethylbenizas 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 siyy we quantify solute polarity by the logarithm of the
(experimentalp-oct anol T wat er p akow(Figuiedlp**3cAmigherfotkewi e n't ,
value indicates a lower solute polarity and thus a higher retention gscal@nn.

Conceptually Kow refers to the solute distribution between a neat W mobile phase and the
solvated stationary phase as represented-dgtanol®® 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 ensembl&oWtaf a solute
depends critically on its hydrogdrond (HB) acceptor properties, specifically on the extent to
which the solute requires HB donation from the solvent. BecAubsas superior HB donor
abilities to alcohols, solutes with lower HB acceptor requirements will partition more readily
from the W phase into the-octanol phasé’ 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 kagy value than benzyl alcohol.
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Il nterestingly, the liquidiliquid partition <c
behavior: analytes and dead time markers are distinguished by positive and negHKtive log

values, respectively, and apolar and polar analytes are distinguished by the relation between
theirKowandtheinrhex adecaneil wat er Kyw.dorbapolaranalytesdesme f f i Cc i ¢
& Kugvgwhereas logow > logKnw for polar analytes! 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 MiQi gradient water purification system (Millipore,
Bedford, MA), and HPL&rade MeOH, ACN, and acetone were purchased from Fisher
Scientific (Loughborough, Leics., U.K.). Naphthalene, ethylbenzene, acetophenonsahd
were bought from SigmaAldrich (Steinheim, Germany, and Buchs, Switzerland); benzene was
from Merck (Darmstadt, Germany); benzyl alcohol was froigs&ng (Filsum, Germany); and
phenol was from Riedel de Ha (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 1 UHPLC system (Agilent Technologies, Waldbronn, Germany) equipped with a
binary solvent pump with a buiitn degasser, an autosampler w
column thermostat, and a diode array detector. The system was controlled via the ChemStation
software. The RPLC column (4.6 mm inner diameter x 150 mm length), a research prototype
generously offered by Waters ( Mistrehgthsilida MA) ,
particles that were functionalized with dimetmybctadecylsilane (€) chains at a surface
density ofandendfappedmat 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 Kwithwi Me OHWAMCN mobil e phases containin
% 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 rarigeabies;

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 cdtumn (

> 100). Retention factors for ethylbenzene, benzene, acetophenone, and benzyl alcohol with

Wi ACN mobile phases were?taken from a previo

Each compound was analyzed separately using an appropriate detection wavelength within
=2 0 0 1 B ldjected 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 wagised above the current mobplase level. This did not lead to split

or excessively distorted peaks, as the injec
note that analyte solubility in the running mobile phase is not an issue once the sanple ha
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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 theigstationary phase. Strongly retained analyte molecules rarely enter
the bulk liquid and move mostly via surface diffusion along the solvated stationary phase
through the columi#! Retention factorsk for the analyte compounds were calculated
according to e@.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.: ¢ 8. 18S4IRte’mblécules (Figur.l) were treated with the CHARMM general

force field”> Wi Me OH mi xtures were modeled with the
molecule$® and the unitechitom version of the transferable potentials for phase equilibria (UA
TraPPE) for MeOH moleculéé,and Wi ACN mi xtures were model
simple point charge (SPC/E) force field for W molectiesnd the UATraPPE force field for

ACN molecules’® The forcef i el d combi nations for the WIOS
by comparison with experimental density and-siffusivity data®4’ Preparatory simulations

using different W force fields in conjunction with the respective TrAPPEorce field for the

OS had shown that the experimentalseff f f usi vi ti es of W and MeOH
at 298.15 K were overall best recovered by the TIP4P/2005 force field, whereas the
experimental seltliffusivities of W and ACN inWACN 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 iwhich diffusivity is addressed, we chose the fefiell combinations

t hat best recovered the experimental prope
CHARMM general force field for solutes has been validated by comparison with experimental
retention @ta?

2.2.2.2.Simulation protocol

Bulk box simulations were carried out with GROMACS version 20%6% or Wi Me OH an ¢
Wi ACN mi xtures containing between 2 and 99
simulated individually. The simulation box contain®ovent = 20,000 andNsoiute = 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. ConceptiNdlyie = 1 could be used in

the simulations due to the equality of time average and ensemble a¥efdge limited

solubility of apolar solutes in Wkch mixtures observed in practice thus has no bearing on the
simulations.

The simul ati ons wer eNppeaserhbte(constant nurober oflmdlec@lds n s
N = Nsowent + Nsolute = 20,010, pressurp, andT = 300 K) and continued for 50 ns BY/T
ensemble (constamN, simulation box volumé&/, andT). 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{=6 0 8 T InAR Bhe temperature was controlled by a®osio o v e r
thermostat. Energy minimization was conducted with the stedpssent method. Initial
velocities were randomly assigned according
range electrostatic interactis were provided by the partieleesh Ewald algorithm.
Nonbonded interactions were modeled with a61PennardJ ones potent i al . L e
parameters for unlike interactions were obta
A validated cutoffradius of 1.4 nm was used for all interactiéhEquations 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 ugHormance 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, solutei W and soluteil OSgsw(rpahdgddr), di st r i
respectively, were calculated from 25 ns trajectories using a bin size of 0.01 nm. Solute
molecules were represented by their cenfanass (com), and solvent molecules were
represented by their heteroatom (X = N, O). Additional RDFs were calculatefthe CH

unitedatom groups of the OS molecules, as the merits of a particular OS representation were

not evident at first. RDFs are based on pairwise distances. F&j8ré&.S8 in the Supporting

|l nformati on show the radial density distribt
and sol ut e¢cam)sit@(cekks for all solutes, W OS
Soluteisol vent Rand sfterweedrcerrecsedfoogir) + Je+d0.01 toy(r) =

1. The |l atter was necessary as RDFs invol vi
fluctuations that prevent KirkwoodT Buff i nte
definition, integratoro f RDFs to infinity in close® syste

Solutei W and soluteil OS KBI s, GSW and GSOS,
respective RDFs truncatedRit= 2.0 nm according to

0 01 prti A 23

; o - (2.9
O Q 1 ptit A

The validity of this approach is detailed in the literafifr€he KBIs were then used to obtain
the limiting linear PS of the solute with respect to the OS from

T 5 e 0 0 2.5

Positive values ¢f  denote PS of the solute by the OS (i.e., a larger amount of OS in the
solvation shell than present in tihge ddnatd k | i g
PS of the solute by \R?.
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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 soluteisolvent RDFs wusing t
solvent molecules, respectively. To retain constant positions over theasonulrajectory,

solute molecules were aligned in a spherical coordinate system with the solute com as the origin
(Figure 2.59). Solvent molecules in the vicinity © 1. 5 nm) were rotated
molecule to preserve their position relative to the solute molecule. W and OS molecules within
aradusofr O 1.5 nm around a solute molecule were
distance from the solute com using a bin volume of 0.013. Athe resulting spatial

di stributions of t hese number densities cCo
distribution functions that are not normalized to the bulk solvent density and can be expressed
asgsw(x,y,2) - @ wpukdandgsodX,y,2) - d ospuidl respectively, wherg w pukdandd os purdare

t he average numbers of W anr= AS 4nmoll. e&c inlme s Tihn
determined fog w,pukdand@ os pudirecover the respective solvent densities in the bulk liquid
mixtures well.

DSDFs were then calculated binise as

~

30 v , o ) (2.6)
Q o B oy OQ auwha X 5, O

and displayed with VMDB® Bins in the solute solvation environment were represented as W
e X C e geosXiyd) >Fweumdand as OSgwaxyze s<s G §sHud Joms 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 environmairitisin the solute ensemble with both
OS types.

2.2.3.3.Determination of soluté solvent hydrogen bonds

For determination of solutelsol vidm=t0, IH&s i nv
polar solute molecules, RDFs between the solute X atom and the solv@Atafém and

between the solute H atom and the solvent X atom were calculated from 10 ns trajectories

using a bin size of 0.01 nm. Cutoff radig for the H and O atoms &/ and MeOH and the N

atom of ACN were taken as the minimum following the first maximum in the respective RDF
(Tables2.S1 and2S 2 ) . The average number of solutertlV
molecule, HBowtexx)T W and HBowtexrny OS, respectively, was calculated as the average
number of solvent H or X atoms mOrygs. Standard deviations of H&uexn)T Solvent were

bet ween NO.01 and NO.O05 in Wi MeOH mi xtures
mixtures.

Sol ut el sol vent’  elddrans of solte rholeculegwere deeermined analogously
based on RDFs cal cul at ed bet vwleadadronsystaneancdttilem o f
H atoms ofW and MeOH molecules using cutoff radii of 0.30 and 0.32 nm, respectively.
Standard deviations of HBue() solvent were between +0.01 and +0.02 in bd¢h OS
mixtures.
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2.3.Results and discussion
2.3.1.Characteristics of RPLC retention with Wi MeOH vs Wi ACN mobile phases

The success of RPLC in HPLC practice rests not least on the experience that RPLC columns
with similar stationaryphase properties yield similar and highly reproducible retention data
under otherwise identical experimental conditions. The chromatograptac stiawn in
Figures2.2 and2.3 were acquired on a particulang@olumn 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 kealized
values far exceed the desirable (R<10) and acceptable range (k < 20) in HPLC practice

so that the lokjcurves reveal nonlinearity, which can be overlooked when only a narrow range
of k values has to be consider@dpparent differences in curve progression (thelogrves
seem to switch from convex with W MeOH mobi l
phases) result from the volumetric OS representation. Because 1ploage solvents are mixed

by volume in HPLC practice, chromatographic retention data are usisglsyed as a function

of the OS volume fraction in the mobile phase. When displayed as a function of the OS mole
fraction, the log curves of the analytes are generally concave (Fi@®g indicating a
fundamentally nonlinear relationship betweerklagd the OS content of the mobile phase, as
suggested previously based on a survey of analyte retention data acquired &eBQ on
various RPLC stationary phasegs.

The data in Figure 2.2 illustrate the main, empirically derived characteristics of small molecule
separations by RPLC:)(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)
andyte retention factors decrease with increasing solute polarity as quantifiedkayiogn
exception to the third relationship is the ¢
mobile phases, a known (but unexplained) mepiiase selectivity effeéf.In this instance,

the lodKow 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 silibased, endapped, @ column with
Wi MeOH (Il eft) and W1 ACN mobile phases (right
Retention factors were calculated (8dl) using uracil as dead time marker. (Bottom)
Dependence of analyte retention factors fron
Wi ACN mobile phase (right). Data for W1 ACN
permission from ref 22. Copyright 20P9nerican Chemical Society.

Figure 2.3 shows the elution times of the dead time markers onghel@mn. The concept of

dead time markers in HPLC is to indicate the border between stationary phase and mobile phase
by their elution timetg in eq 2.1)2® Despite their widespread use, however, neither acetone nor
uracil is a perfect dead time marker, as both compounds show residual retention on RPLC
columns?°°8% According to Figure2.3, acetone has longer elution times (signifying higher
residual retention) than uracil on thes€olumn, as consistently reported in the literature and
predicted by the higher lé@w value of acetone (Figure 2.1). The elution time of acetone
follows the same dependence from the mepliase elution strength as the analyte retention
factor s, whereas the elution time of wuracil
(but n o MeOWimbbile phdses), indicating the onset of HILIC retention at high ACN
content of the mobile phas&®® 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 simulatonSwhi ch showed why Wi MeOH mobil e pha
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Figure 2.3. Elution times of the dead time markers acetone and uracil on thetsbeal, end

capped, @col umn with Wi MeOH (Il eft) and WI ACN m
between 10 and 90 vol % OS.

Accordingto Figur 3, bot h dead ti me markers have high
wi t h W1 ACN mobil e phases, whi ch mirror t
chromatographic retention data of Figu&® and2.3 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 WMeOH and Wi ACN mixtures

Before presenting and analyzing the PS data of the solutes, we briefly discuss the salient
features of the soluteilsolvent RDRs<gshowsom whi
exemplarily the solute(com)iTW(O) and sol ut e(
mixtures at an approximately equimolar W/OS ratio. The minimum following the absolute
maxi mum in the soluteilsolvent RDFatonshellusuall
Mi ni ma preceding the absolute maximum indic
preceding minima does not, i n turn, i ndi cat
compounds in this study are HB acceptors through their aromelgctrons? but this type of

weak hydrogen bonding is only resolved in the RDFs of the apolar analytes. (It could be argued

that soluteisolvent HBs are incompatible widt
separations, apolar analytes are hydrocarbon condgomithout heteroatoms. Small, aliphatic
hydrocarbon compounds are typically analyzed

involving polar functionalities XK (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 rotati
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Figure24.Sol ut e(com)1sol vent (X)) RDFs obtained fr
polar analytes, and dead time markers (top, middle, and bottom, respectively) in bulk liquid
Wi MeOH (l eft) and WI ACN mixtures (right) <con

Figure 25 displays the limiting linear PS data of the eight solutes, as obtained from MD
simulations in bulk |ligqguid WIOS mixtures oV
though not the dead time markers, show PS by the OS over the chromatographeadiyt rel
range of W OS ratios (10190 vol % OS). The P
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 % O&.e2d shows that

the amount of PS by the OS for each analyte compound and also the amount of PS by W at the
OSrich |Iimit are | arger 1 n WIACN than in Wi M
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Importantly, the PS curves of the analytes share these general features with the OS surface
excess adsorption isotherms of thg &ationary phase (Figu6), confirming the assumed
l i keo)

similarity
solut es.

principle
Because

of

( Al
t he

i ke

attracts
hydrophobic
mobile phase over most of the vol % OSgaufshown as positive OS excess in the adsorption

effect,

isotherms). This means that the average OS density in the solvated stationary phase is higher

whereas the averad¥ 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 C
columns exhibit a higher amount of positive as well as negative OS exce¥wighC N

W1 Me OH

t han

mo b i °F Recept MB simdatiorfsthat recovered the OS surface excess

adsorption isotherms of ai£stationary phase revealed that positive OS excess originates in
the interfacial region, where the flexible part of the bonplealse chains meets the liquid
mobile phase (Figur2.6). Theinterfacial region, characterized by a smooth, drawndecline

of the bondegbhase density, constitutes a soft, hydrophobic surface, at which ACN molecules

f orm

f ewer

W1

oS

HB s

t han

Me OH

mo |

ecul

es

solvated statiomry phasé. Negative OS excess originates in the borglegse region,
specifically in the solvent layer at the silica surface, visible as sharply defined peaks at
z=0.25nm in the solvent density profiles of Figuz&. Negative OS excess is caused by the
necessary coordination of residual hydroxyl groups at the silica surface by hytgsd
solvent molecules. Because MeOH has superior hydtbged 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 loan#¥nt of the mobile
phase. The origin of negative OS excess was confirmed in early molecular simulation studies
by the Siepmann group.
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Figure 2.6. Relevant properties of 1@ columns as visualized through data obtained from
previous MD simulations in a 10 nm gtiore model of a silichased, endapped, @
stationary phase equilibrated withfMeOH or WHACN mobile phase$Molar-based, areal
reduced OS surface excess adsorption isotherms (left) and bpinalsel and solvent density
profiles (right) at 40 vol % OR0 mol % OS) in the mobile phase. Vertical lines indicate the
approximate borders of the bondeldase region (solid black) and the interfacial regions (solid
cyan and dashed blue with 40 vol % MeOH and ACN, respectively). Adapted with permission
from ref & Copyright 2022 American Chemical Society.

From the similarity between the OS excess adsorption isotherms oktstati®nary phase and

the PS curves of the analytes, it can be reasonably inferred that the higher PS amount of analytes
observed withi ACN mobi |l e phases is also caused by
for the formation of Wi OS HBs at the (mostly
This means that the higher eluent strength of ACN compared with MeOH is related ta a large
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. eg.1).

Compared with the analytes, the dead time markers show lower positive PS and higher negative
PS values (Figur@s ) . I n WI MeOH mi xtures in particul a
markers remain close to zero at most W/OS ratios. Additionally, negative PS values are not
confined to highly OSich 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 RPLépslie modef have shown that the
density distributions of acetone and uracil in the solvated stationary phase essentially follow
theW density distribution (cf. Figur2.6). The density peaks of acetone and uracil are focused

on the edge of the bondgthase chains in the interfacial region, where solute molecules can
maintain some bondegshase contacts while having sufficient access to W molecules, and on
the vicinity of he silica surface, where solute molecules have access to sooiacg W
molecules. (The surfagelated density peaks of the dead time markers do not, however, reflect
RPLC retention.)

In contrast, the analyte density is inhomogeneodsiibuted over the length of the boneed
phase chains. Analyte molecules sample locations of high and low bphdsd density
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(bondedphase and interfacial region, respectively, cf. Figufg, whereby apolar analytes

have more density in the bondpdase region (involving more bondptase contacts) than

polar analytes®21-22Consequently, the affinity for the bonded phase (as reflected by the times

the solutes spent on the column, cf. Fig@@sand2.3) 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 WIOS mixtures than anal.y
solvation shell in the mobile pka 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 thest@tionary phase

does not extend to soluspecific retention behavior, however, as the comparison of Fjure

with Figures2.2 and2.3 reminds us. Beyond discriminating correctly betweklalger, 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 th&degvalues. Limited solute discrimination is

not the only issue; the PS values of phenol
their retention behavior: phenol and uracil have higher PS values at lower (residual) retention
than those of acetopham® and acetone, respectively. These observations suggest that the PS
values do not capture the sohsjgecific retention behavior because qualitative differences
between the solute solvation shells are not resolved. The KBIs treat the solute as ae isotropi
disturbance of the liquid, and the KBeérived 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 bectestto the immediate
solvation environment of a solute.

2.3.3.Immediate solvation environment of solutes in WOS 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 ba®3¥yShFs sol u
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 thditui@ 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 localvation. Figure®.7 2.9 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
equi mol ar , and predomi na rHow the immediae solvatiolVi O S
environments of the solutes change over the chromatographically relevant range of W/OS ratios

is captured by Weknhanced Object2.1 and2.2 for Wi Me OH and Wi ACN mi X
respectively.
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We begin with the DSDFs of the apolar analytes (Figure 2.7), whose retention behavior,
namely,k( n a p h t h lgdthglberzéne) &(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 agueous mixtures, and the OS
excess is larger witACN than with MeOH as OS. The dominance of OS excess in the solvation
environments of the apolar analytes is apparent from 30 vol % OS onwardEhdahced
Objects2.1 and2.2). 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.

Naphthalene Ethylbenzene Benzene
1 1

Figure 2.7. Immediate solvation environment of apolar analytes in bulk liquif$MOH (left)

and WHACN 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 thelthres
(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 2F8yure

but this does not i1indicat e "elbckonarbeselylesswcaof s o
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.>8é¢gregation 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
acetophenonand 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 equgl cuypl

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 clustee aatbonyl group of
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acetophenone is only interspersed, but not yet replaced, with OS. At 90 vol % ACN,the XH
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 limitingat PS values in

Wi ACN mi xtures than RBENnzyl al cohol (cf . Figu

Acetophenone Benzyl alcohol Phenol
1

Figure28. mmedi ate sol vation environment of pol a
and WI ACN mixtures (right) containing 40, 7
respectively). Points indicate the local excess of W over OS (red), MeOH over W (ayhn), a

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 buildppreciable

OS excess around the hydrocarbon groups unt
organic. At 90 vol % MeOH, W excess (interspersed with MeOH excess) remains only at the
carbonyl groups of the dead time markers. Av@0% and 90 vol % A®, 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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Acetone Uracil

Figure 29.1 mmedi ate sol vation environment of dead
(left) and Wi ACN mixtures (right) containing
respectively). Points indicate the local excess of W over OS (red), MeOH over W, @ydn)

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 sk atvely.

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 (Fig@r8). An OS contribution to the solvation of
theNHpart can be recognized at 060 vol % Me OH
contribution to the solvation of the CO part of the amide group starts only at 39MelOH
(Web-Enhanced Objectd.1 and2.2). The affinity of the NH part of the amide group for ACN
solvation explains why the | imiting |inear F
compared with W MeOH mi xtures, whereas the P
OS type up to 700l % 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.
Figure25).

Apart from clarifying solutespecific 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 prefexdss, 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 | iquidrt/|
analytes (lo&ow > 0, Kow & Knw) strongly prefer OS over W solvation and therefore partition

into the organic liquid; whether it contains a functional group, suchaasanol, or is purely
aliphatic, such as-hexadecane, hardly matters. Polar analytegag> 0, Kow > Knw) prefer

OS solvation overall but W solvation of their Xgroups. Polar analytes are thus more likely

to partition into am-octanol phase, which probably contailfsnolecules associated with the
hydroxy! groups of octanol, than into athexadecane phase. Lastly, the solute environment of
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dead time markers (I&@w < 0) is determined by the solvation preferences of the gtbups,
which are better met by liquid W tharoctanol.

Previous molecular simulation studies’ ' 'havé éstablished that the solvated stationary phase
consists mostly of bondgahase groups, whereas W density is restricted to the interfacial region

or the immediate vicinity of the silica surface (cf. Figdre). Because bondegahase 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 limitby 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 thesGtationary phase.

2.3.4.Solutéd solvent hydrogen bonding

Beyondrevealing differences between the Xgtoups in the solute ensemble regarding their
hydrophilicity and their affinity to MeOH vs ACN as OS, the DSDF data strongly suggest that
formation of soluteilsolvent HBs i s necessary
because solvation ofbk, groups by solvents with mismatched HB ability, namely, ACN excess

at the O atoms of hydroxyl and carbonyl groups, was not observed. CoordinationgroXipls

by hydrogerbonded solvents could therefore be viewed as an indispensable element of the

i mmedi ate solute environment, which merits
bonding within the solute ensemble.

When reviewing the HB data, it should be kept in mind that because of the smaller molecular
volume of MeOHWI Me OH mi xtures cont aiW AGNemi XW umod se
a given volumetric W/OS ratio. Figur@l0 and21 1 anal yze the solutel
bonding for the XH groups of the polar solutes. Figuzd.0 focuses on the total number of
solute(XH) 1T sol vent HBs by displ ayi mgl & dlev earvte r hR s
solute molecule, HBute(xn)l Solvent, as a function of the OS volume fraction in the bulk liquid,
whereas Figure2.11 resolves the contributions from W and OS molecules to
HBsolute(xrn)l Solvent.

Together, the data in Figures 2.10 and 2.11 show that @dB) solvent decreases with
increasing vol % OS in the bulk liquid because OS molecules cannot sustain the same number

of solute(XH) T sol vent HBs a ssu¥knisolvestdaecrbases morgstrangly HB
in Wi ACN than W MeOH mi xtures because the HE
of MeOH; and (iii) for the same reason, HBexmis 0l vent i's | arger i n
Wi ACN mi xtures from 10 vol % OS onwar d, al t
mol ecul es than W MeOH mi xtures at pal sgoilvveenntO
hydrogen bonding is dominated by soluteil W HB
range of W/OS ratios.
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Figure 2.10. HB coordination of the hydrophilic XHgr oups of pol ar sol ut
(left) and Wi ACN mixtures (righyj)solShewn HBSs
a function of the OS volume fraction in the bulk liquid.
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Figure 2.11.Contribution from W and OS moleculesto solute(XH s ol vent hydr oge:
in WI MeOH (left) and WI ACN mixtur esg T(W iagnhdt ) .
solute(XH) 1 OS HBs per solute molecule as a funct
liquid.

According to Figure2.11, HBsolute(xtyl W remains larger than HBuexnTOS up t o a77
% MeOH and a87 vol % ACN for benzyl alcohol
MeOH for acetophenone and acetone. At these W/OS ratios in the mobile phase, the polar
analytes are barely retained on the column anynkored(25, cf. Figur@.2). The point where
HBsolute(xt)l W becomes smaller than Bex) OS depends on the Xkgroup and the OS

type, as already observed qualitatively in the DSDFs of the polar solutes (cf. Pd@uersl

29). The comparison of solutefHT W sotue(XH) 1 OS HBs sho2i i n F
reinforces the impression that the carbonyl group is the most hydrophili@Xidp in the

solute ensemble.
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Unlike the limiting linear PS data (Figu25), the HBowutexml Solvent data discriminate

closely and unequivocally between the polar solutesqil#a)i solvent decreases from uracil

| benzyl alcohol > phenol > acetone > acetophenone. ThewEB+HT W and the
HBsolute(xrhl OS data follow the solute order of the el solvent data to a large extent.

The HBsowte(xtn)1 W curves of phenol fall below those of acetone first and acetophenone second

at 70180 and 80190 vol % MeOH, respectively,
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 HBoutexr)l Solvent, so phenol retains a higher number of total
solute(XH) 1 sol vent HBs than acetophenone and ace
(Figure2.10).

As mentioned in connection wik3Zalbanalgessmoheut el s
solute ensemble are HB acceptors through their aromatic ring electrons. JhehiBolvent

data of the analytes (Figure 2.12) show the same general features asdhex#B solvent

data regarding the dependence from the OS content and type. (Also similar to the
HBsotexrnyl Solvent data is that HButexrmyl W > HBsoutexniMe OH  up t o 7071 80
MeOH, as shown in Figure 2.510.) The analyte order in Figure 2.12 is naphthalene > benzene

O ethylbenzene > phenol a& benzyl alcohol > a
rings and thus forms more solitg(t sol vent HBs than ethyl benzece
analytes form more solute(1 sol vent HBs than pol ar anal yt
particularly the carbonyl group of acetophenorezluce the electron density in the aromatic

ring. Comparison of Figures 2.10 and 2.12 shows that the contribution from ring electrons to
soluteisolvent hydrogen bonding is minor for

—e— Naphthalene
Ethylbenzene A
—e— Benzene
Acetophenone A
Benzyl alcohol
—e— Phenol

_\

o

o
L

H Bsclute(n)gsolvent

0 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 100
vol % MeCOH vol % ACN

Figure 2.12.HB coordinationofthée |l ect rons of aromatic hydr oca
(left) and WI ACN mixtures (rightyrol 8bawnHBSs
solute molecule as a function of the OS volume fraction in the bulk liquid.
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Figure 2.13 summari zes the total s@diute®dos elntv
values decrease as urdcibenzy !l al cohol > phenol > acetopl
> benzene O ethylbenzene in Wi MeOH and Wi AC
HBs o1 ut e valies inRigure 2.13 reflects the inverse solute retention order of figures 2.2 and

2.3 already to a large extent, suggesting 6iBu t  1as dhe kmiting factor to solute retention

in RPLC.

—e— Naphthalene Acetophenone ]
Ethylbenzene Benzyl alcohol
6+ —e— Benzene —e— Phenol b
—e— Acetone
54 —e— Uracil 4

0 10 20 30 40 50 80 70 80 90 10 20 30 40 50 60 70 80 90 100

vol % MeOH vol % ACN
Figure 213.Sol ut eT sol vent hydrogen bonding in WII
(right). Shown is the total number of sol ut e

the OS volume fraction in the bulk liquid.

Returning to the conclusion of Secti@ar3.3, namely, that hydrophobic elements favor RPLC
retention, we suggest the number of hydrocarbon groups in a 9¢{Gley), to estimate the
retentionfavoring factor. Because (i) the experimentally observed retention order is well
predicted by the ldgow values, which refer to a mobile phase of neat W, and (ii) the analysis

of solutelsolvent hydr ogen bondi ng has sho
coordination of the solutes over most of the chromatographically relevant range of W/OS ratios,

we propos the ratio oN(CHx) and HB o 1 u t e 1at 2 V0le% (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 f(CHx) and HB o 1 ut e @t 2 val %4 ACN to the solute ensemble
returns a retention order of ethyl benzene >
benzyl al cohol > acetone > wuraci/| i n Wi Me Ol
difference in HB o1 ut e thetweem2 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 rati, like logkow, cannot recover the mobifghase selectivity of the analyte pair
phenol and benzyl al cohol (coelution i n WI Me
cf. Figure2.2). But whereas ldgow predicts that phenol is more retained than benzyl alcohol,

as observed with Wi ACN mobile phases, the p
with W MeOH mobile phases. Solvation shell
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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 soluteisolvent 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 it smiduresig limitad ordyloy el e me
the HB properties of the solvents. In contrast, the solvated stationary phase is an inhomogeneous
environment not only regarding the distribution of borghdse density but also regarding the
distribution of W and OS molecules (cf. Figu2e). Small solutes can occupy different
locations within the solvated stationary phase, and each location represents a different and
anisotropic solute environmeht®?? The separation of phenol and benzyl alcohol with

Wi ACN mobile phases may be caused, for examg
one or more of the available solute environments are more advantageous to phenol than to
benzyl alcohol. The solvatiasghell analysis has shown thaCN solvation favors phenol more

than benzyl alcoholandalsoh at phenol forms fewer soluteil W
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 henol is more retained than benzyl alcohol by thes@tionary phase when the latter is
equilibrated with W ACN mobile phases. To fu
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 hy stafionary phase and their

solvation shellsinth&yi1 OS mobi |l e phase. The analysis of
of overall PS, spatial distribution of local solvent excess in the immediate solute environment,
and soluteisolvent hydrogen bonding tescovere
to an astonishingly large degree and provided a physicochemical explanation for theuiodilk
contribution to the mobikphase elution strength and the respective eluent strengths of MeOH

and ACN in RPLC.

The immediate solute environmenWi OS mi xtures within the chro
range of W OS ratios (10190 vol % OS) is pr
secondarily by the OS type. The hydrophobic structural elementsfGiHalyte molecules are
generally solvated by the OS, whereas hydrophilic functional groupgafid 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 mmarkers, 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, deadrie 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 solvat
predicts that hydrophobic structural elements favor RPLC retention, whereas hydrophilic
structural elements limit (but not necessarily hinder) RPLC retention. The erpéalin

observed solute retention order is predicted to a large extent from the ratio betwegnhad(CH

HBs o1 ut e 1@ 21VOL%: OS. The number of Glelements in a solute molecule estimates the

extent of retentive bondggh ase contact s, whereas the numb
molecule at minimal OS content of the mobile phase (approximating a neat W phase) estimates

the extent to which a soluteahecule requires accessWmolecules 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 W OS HBs at hydrophobi c generditesaes an
higher OS surface excess in the solvated stationary phase and a larger amount of PS by the OS

of RPLC analytes. Compared widii Me OH mobi WeAQPM amelsi, | e phases
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, lImgethe retention factor.

Interestingly, the higher eluent strength of ACN in RPLC mirrors the higher degree of

mi croheterogeneity of WI ACN mi x t3%Cawersayp mpar e
ACN has a lower eluent strength than MeOH in HILIC. (MeOH has infinite eluent strength in

HI' LI C, as Wi MeOH mi xt ur eishlageaat ahydroptiiliosuniadea r et e
The immediate solvation environments of the polar solutes in our study shoWithatC N

mobile phases not only generate a larger amount of OS excess at hydrophobic elements than
Wi MeOH mobile phases but also a | arger amoun
a solute molecule. This suggests that the lower affinity of ACNfapre vati on of W1 O
compared with MeOH determines the solvation of hydrophobic as well as hydrophilic elements

or surfaces. The role of HB networks for ' OS mi xt ur e mi croheter o
explored by experimental methott$€®Based on the observed solvation patterns of the solutes

in our study, we therefore propose solvent
comparative strength o f WI W vs Wi OS HBs,
mi croheterogenei t ytharfmobiphase elumionxstrengthensRPleCnand

HILIC.
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2.5.Supporting information

Table 2.S1. Cutoff radii for distances between donoftHXand acceptor X atoms indicating
solute(XH) sol vent HBs in W MeOH mixtures.

rue (NmM)
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
02 (Uracil) 0.26 0.32 0.26 0.31
N3 (Uracil) - 0.33 - 0.34
H3 (Uracil) - 0.27 - 0.27
04 (Uracil) 0.26 0.32 0.26 0.31
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Table 2.52. Cutoff radii for distances between donoftHXand acceptor X atoms indicating

solute(XH) sol vent HBs in W ACN mixtures.
rus (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

02 (Uracil) 0.26 0.33 -

N3 (Uracil) - 0.33 0.35

H3 (Uracil) - 0.26 0.29

04 (Uracil) 0.26 0.32 -
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Figure 2.S1. Radial density distributions o6 ol ut e( com) W( O) , sol ut e
solute(cegm)diCSt(eCHces (top, middle, and bott ol
MeOH (l eft) and W ACN beiwgeh2aneg®vo(h O ht ) cont a
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