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I. Zusammenfassung 

 

Die vorliegende Arbeit basiert auf den Grundlagen, welche durch die vorangegangene 

Diplomarbeit "Dreidimensionale Rekonstruktion monolithischer Festphasen mittels konfo-

kaler Lasermikroskopie" geschaffen wurden [1]. Sie beschäftigt sich mit der Erfassung 

dreidimensionaler Bilddaten von Chromatographiesäulen im Kapillarformat sowie deren 

Rekonstruktion und Auswertung im Hinblick auf die dispersiven Eigenschaften der Trenn-

säulen. Ein besonderer Schwerpunkt liegt hierbei auf der Charakterisierung von radialen 

Heterogenitäten. Diese tragen in der UHPLC zu einem Großteil der dispersiven Signalver-

breiterung bei und sind deshalb von besonderer Bedeutung bei der Entwicklung von 

Chromatographiesäulen verbesserter Trenneffizienz [2]. Die dreidimensionale Rekonstruk-

tion ist zudem ein wichtiges Hilfsmittel um den Einfluss von Prozessparametern im Pack-

prozess bei der Darstellung von partikulären Säulen aufzuklären und kann als Modellstruk-

tur für die numerische Simulation der Hydrodynamik in diesen Strukturen dienen. Die in 

den einzelnen Kapiteln behandelten Thematiken seien hier nachfolgend zusammengefasst: 

 

Kapitel 1 setzt sich mit der Entwicklung eines Probenaufbaus auseinander, welcher die 

reproduzierbare und präzise dreidimensionale Erfassung von silicabasierten Monolithen im 

Kapillarformat mittels konfokaler Lasermikroskopie ermöglicht. Es wird eine zweistufige 

Oberflächenmodifikation zur Fluoreszenzaktivierung eines unmodifizierten 

Silicamonolithen (Chromolith CapRod) vorgestellt. Hierzu wird die Oberfläche des Mono-

lithen aminiert. Anschließend werden die so eingebrachten Aminofunktionen mit einem 

Succinimidylester des Fluoreszenzfarbstoffs V450 gekoppelt. Das Kapitel beschreibt einen 

Probenaufbau für die Mikroskopie, welcher es ermöglicht Aberrationen zu minimieren. 

Dieses wurde umgesetzt indem der Brechungsindex von Einbettungs- und Immersionsme-

dium an den Brechungsindex von Quarzglas angepasst wurde. Unter Annahme der 

Additivität von optischen Aberrationen konnte so durch den Einsatz eines verdünnten 

Deckglases die Auflösung im Experiment nahe an das Beugungslimit gebracht werden. Die 

Bilddaten wurden durch eine Entfaltung restauriert und zwecks quantitativer Bildanalyse 

mittels Hochpassfilter in einen binären Datensatz überführt. Ausgewertet wurde die Poren-

größenverteilung anhand von Sehnenlängenverteilungen, welches einen Vergleich mit Da-

ten von Courtois et al. [3] ermöglichte. Diese hatten zuvor bereits Aufnahmen von ver-
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gleichbarem Material mittels Transmissionselektronenmikroskopie gemacht und mit Seh-

nenlängenverteilungen ausgewertet. 

 

Kapitel 2 stellt eine Erweiterung der Messmethode auf partikuläre Festbetten dar. Die-

ses geschieht anhand einer beispielhaften Rekonstruktion einer 100 µm i.d. Kapillarsäule, 

welche mit Kinetex CoreïShell Partikeln gepackt wurde. Eine wichtige Verbesserung im 

Probenaufbau im Vergleich zu Kapitel 1 ist hierbei der Einsatz einer ternären Mischung 

aus Glycerol, Dimethylsulfoxid und Wasser zur Anpassung des Brechungsindexes von 

Quarzglas, welche die wellenlängenabhängige chromatische Dispersion mitberücksichtigt. 

Da die Signalintensität im  Verlauf einer mikroskopischen Messung häufig deutlich nach-

lässt, wurde die Bildverarbeitung um eine tiefenabhängige Korrektur der Signalintensität 

erweitert. Im Gegensatz zu monolithischen Medien, kann die Rekonstruktion im Fall von 

gepackten Festbetten unter der Annahme der Sphärizität der Partikel erfolgen. Das Kapitel 

beschreibt, wie die einzelnen Partikel mittels Bandbreitenfilter lokalisiert und deren 

Durchmesser abgeschätzt werden können. Es werden eine Visualisierung von 

Packungsdefekten sowie radiale Porositätsprofile eingeführt. Letztere ermöglichten es zwei 

Wandeffekte in der Packung zu visualisieren. Zum Einen ist dieses der notwendige geo-

metrische Wandeffekt, welcher seine Ursache darin findet, dass feste sphärische Partikel 

nicht mit beliebiger Dichte gegen eine feste Wand gepackt werden können [4]. Die Reali-

sierung einer zufällig dichten Packung ist in den ersten, an der Säulenwand angelagerten 

Partikellagen also nicht möglich. Der zweite beobachtete Wandeffekt ist nicht in jeder 

Partikelschüttung zu finden. Für die CoreïShell Partikel wurde eine Heterogenität in der 

Porosität beobachtet, welche sich von der Kapillarwand aus nach einem Porositätsmini-

mum 4ï5 Partikeldurchmesser (dp) von der Kapillarwand aus bis zu ~10.5 dp tief in die 

Säule erstreckte. Die Auswertung des Partikelzwischenraums erfolgte erneut anhand von 

Sehnenlängenverteilungen. Hierbei wurde festgestellt, dass die Verteilungsfunktion durch 

eine k-Gamma-Funktion beschrieben werden kann, welche bereits bei der Beschreibung 

von Voronoi Volumen-Verteilungen verwendet wurde [5ï7]. Die zwei Parameter der k-

Gamma-Funktion beschreiben die mittlere Sehnenlänge und deren Dispersion. Da Letztere 

vorwiegend durch längere Sehnen bestimmt wird, welche sich über mehrere Durchflusska-

näle erstrecken, folgt, dass die Parameter als Deskriptoren für die Transchannel-Dispersion 

und Short-range Interchannel-Dispersion nach Giddings [8] herangezogen werden können. 
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Eine Anwendung der k-Gamma-Funktion wird in Kapitel 3 gezeigt. Elf 

Silicamonolithen in 100 µm i.d. Kapillaren, davon einer C18-modifiziert wurden hinsicht-

lich ihrer Trenneffizienz und der dazugehörigen Dispersionsbeiträge ausgewertet. Trans-

channel und Short-range Interchannel-Beiträge werden durch die k-Gamma-Funktion der 

Sehnenlängenverteilung beschrieben. Der Transcolumn-Beitrag wird durch radiale Porosi-

tätsprofile und die lokale Porengröße abgedeckt. Es zeigte sich, dass die Trenneffizienz 

primär mit der Porengröße skaliert. Monolithen welche diesem Verhalten nicht folgten 

zeigten Unregelmäßigkeiten in ihrer radialen Struktur. Diese äußerten sich in einer erhöh-

ten Porosität oder Porengröße in der direkten Umgebung der Säulenwand. Da der Monolith 

in der Kapillare hergestellt wird und bei der dabei erfolgenden Kondensationsreaktion die 

Struktur zwangsweise schrumpft, fand sich der Grund für diese Heterogenitäten in einzel-

nen von der Säulenwand abgelösten Monolithsträngen. Diese Stränge haben der strukturel-

len Spannung nicht standgehalten, welches ein grundlegendes Problem bei der Herstellung 

von Kapillarmonolithen aufzeigt. 

 

Eine erste Studie zum Einfluss von Packparametern auf die Trenneffizienz und Bett-

struktur von gepackten Säulen wurde mit Kapitel 4 durchgeführt. Ausgewertet wurden 

sechs Kapillarsäulen mit variierendem Innendurchmesser von 10ï75 µm. Weitere Packpa-

rameter wurden hierbei möglichst konstant gehalten. Gepackt waren die Kapillaren mit 

C18-modifizierten 1.7 µm Acquity BEH Partikeln. Es zeigte sich, dass mit steigendem 

Innendurchmesser der Kapillaren die Trenneffizienz deutlich abnahm. Dieses kann nicht 

alleine durch die Geometrie der Säule, d.h. die größere transversale Diffusionslänge über 

den Säulenradius, erklärt werden, weshalb eine Veränderung in der Morphologie des Bet-

tes vorliegen musste. Das Kapitel zeigt ausführlich, wie die C18-modifizierten Partikel mit 

dem Fluoreszenzfarbstoff Bodipy 493/503 durch Adsorption angefärbt und in den Bildda-

ten lokalisiert und rekonstruiert werden können. Zudem wurde die Bildverarbeitung um 

eine Korrektur des Photonenrauschens und potentieller Drift der Säule während der Mes-

sung erweitert. Es zeigte sich, dass mit steigendem Innendurchmesser der Säulen die 

Packungsdichte in der Wandregion deutlich abnahm. Die verringerte chromatographische 

Effizienz lässt sich folglich erneut durch einen vergrößerten Transcolumn-Beitrag zur Ed-

dy Dispersion erklären. Zusätzlich wurde beobachtet, dass die Partikelgrößenverteilung 

über den Säulenquerschnitt keineswegs als konstant angesehen werden kann. Eine im Ver-

gleich zu anderen Säulen verringerte Trenneffizienz ging gleichermaßen auch immer mit 
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einer Größensegregation der Partikel einher, wobei die Wahrscheinlichkeit kleinere Parti-

kel in der Nähe der Säulenwand zu finden erhöht war. 

 

Kapitel 5 beschreibt eine Studie mit vergleichbarem Ansatz. Sechs verschiedene 

Partikelsorten wurden hierbei unter gleichbleibenden Bedingungen in Säulen von 100 µm 

i.d. gepackt. Betrachtet wurden vollporöse 3 µm Atlantis, 3 µm Luna und 3.5 µm Zorbax 

Partikel sowie 2.7 µm Halo, 2.6 µm Kinetex und 2.5 µm Poroshell Partikel repräsentativ 

für CoreïShell Materialien. Letztere zeigen aufgrund ihrer abweichenden Produktion eine 

weitaus engere Partikelgrößenverteilung als vollporöse Partikel, welches häufig als Ursa-

che für eine homogenere Packungsstruktur und daraus resultierenden hervorragenden 

Trenneffizienz dieser Materialen (hmin < 1.6) vermarktet wird. Es werden Besonderheiten, 

wie Agglomerate und Defektpartikel, welche sich in den Packungen der verschiedenen 

Partikeltypen finden, diskutiert. Leitende Fragestellung für die Studie war jedoch ob Coreï

Shell Partikel tatsächlich eine homogenere und dadurch effizientere Packungsstruktur aus-

bilden als vollporöse Materialien. Zuvor hatten Simulationen unserer Arbeitsgruppe bereits 

gezeigt, dass bei Annahme einer Chromatographiesäule unendlichen Durchmessers die 

chromatographischen Effizienzgewinne, welche durch eine enge Partikelgrößenverteilung 

von RSI = 3.4% gegenüber einer Packung aus Partikeln mit einer Partikelgrößenverteilung 

von RSI = 25.3% erreicht werden, in der chromatographischen Praxis vernachlässigbar 

sind [9]. Die Rekonstruktionen bestätigen dieses Ergebnis. In der Hauptmasse der Säule 

waren CoreïShell Materialien mit Hilfe der Auswertung der Sehnenlängenverteilungen 

nicht von vollporösen Materialien zu unterscheiden. Das Kapitel zeigt jedoch auch, dass 

die Packungsstruktur dieser beiden Partikeltypen in der Wandregion einer Säule grundle-

gend verschieden ist. Während Atlantis, Luna und Zorbax Partikel eine gegenüber der 

Hauptmasse der Säule erhöhte Porosität in der Wandregion der Säule zeigen (0ï5 dp von 

der Säulenwand entfernt), ist die Porosität von Halo, Kinetex und Poroshell Partikeln hier 

verringert. Bei den CoreïShell Materialien findet sich benachbart zur direkten Wandregion 

(0ï5 dp) eine Übergangsregion (5ï10 dp) in der sich die lokale Porosität der Porosität der 

Hauptmasse annähert. Die Packungen der vollporösen Partikel zeigen hier bereits eine zu-

fällig dichte Packung. Gezeigt wurde dieses über die von der Porosität der Hauptmasse 

abweichenden Integralflächen im radialen Porositätsprofil, welches Integral Porosity De-

viation (IPD) genannt wurde. Das Kapitel zeigt, dass die Wandeffekte in Packungen von 

vollporösen Materialien einen größeren maximalen Unterschied in der lokalen Fließge-
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schwindigkeit des Eluenten verursachen als Packungen von CoreïShell Partikeln. Jedoch 

erstrecken sich die Wandeffekte im letzteren Fall über einen größeren Bereich des Säulen-

volumens, weshalb herausragende Effizienzen mit CoreïShell Partikelsäulen derzeit fast 

ausschließlich in Säulen mit einem Innendurchmesser > 1 mm zu finden sind.  

 

Eine Aussage, welche sich häufig in den früheren Kapiteln der Arbeit findet, ist, dass 

der bildgebende Ansatz der Rekonstruktion von Chromatographiesäulen einen Vergleich 

von partikelbasierten Chromatographiesäulen und monolithischen Säulen ermöglicht. Die-

ses wird in Kapitel 6 durch einen Vergleich eines Silicamonolithen und einer sub-2 µm 

Partikelpackung in 20 µm i.d. Kapillaren gezeigt. Die Studie wertet die Mikrostruktur der 

Säulen im Hinblick auf Transchannel-, Short-range Interchannel- und Transcolumn-

Dispersion mit Hilfe der zuvor eingeführten Deskriptoren aus. Es zeigt sich, dass Monolit-

hen das Potenzial haben weitaus homogenere Strukturen auszubilden als 

Partikelschüttungen. Jedoch ist der Transchannel-Beitrag in den derzeit verfügbaren mono-

lithischen Medien noch weitaus höher als in partikulären Betten. Dieses ist in der Größe 

der Durchflussporen begründet. Das Ziel der Monolithpreparation muss es folglich sein die 

Strukturelemente des Materials weiter zu verkleinern ohne dabei die Homogenität des Ma-

terials zu verringern, während Partikelpackungen das Ziel haben müssen Wandeffekte ab-

zuschwächen. 

 

Kapitel 7 nimmt die Ergebnisse aus Kapitel 4 noch einmal auf und zeigt, wie die Kon-

zentration der beim Packprozess eingesetzten Partikelsuspension die Mikrostruktur einer 

Chromatographiesäule beeinträchtigen kann. Hierzu wurden Kapillaren mit Suspensionen 

unterschiedlicher Partikel (0.9, 1.5 und 1.7 µm Acquity BEH sowie 1.7 µm Kinetex Parti-

kel) und Konzentration (cs) gepackt und hinsichtlich ihrer Mikrostruktur und chromatogra-

phischen Effizienz ausgewertet. Es zeigte sich, dass die Größensegregation der Partikel, 

welche bei Suspensionen mit cs < 1% auftritt, bei cs = 2%ï10% unterdrückt werden kann. 

Die Effizienz der Säulen verbesserte sich dadurch von hmin å 2.0 auf hmin å 1.5. In den Säu-

len, welche mit Kinetex Partikeln gepackt wurden, ist eine Größensegregation der Partikel 

aufgrund der engen Partikelgrößenverteilung nicht möglich. Dennoch wurden hier mit hö-

heren cs Verbesserungen der Effizienz beobachtet. Um die Messunsicherheit, welche mit 

der Bestimmung der Partikelgröße einhergeht zu eliminieren erfolgte eine Auswertung der 

lokalen Partikelabstände. Hierbei war zu erkennen, dass die beobachtete Effizienzsteige-
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rung einer Verdichtung der Packungsstruktur an der Säulenwand zuzuordnen ist. Der 

Nachteil höherer Suspensionskonzentrationen zeigte sich in einer erhöhten Anzahl an 

Packungslücken, sowohl bei vollporösen, als auch bei CoreïShell Materialien. Das Kapitel 

unterstreicht noch einmal das Potential der kombinierten Anwendung von mikroskopischer 

Rekonstruktion und makroskopischer chromatographischen Effizienzmessungen. Es zeigt, 

dass das Packen von Kapillaren steigenden Innendurchmesser eine Erhöhung der Suspen-

sionskonzentration bedarf. Diese sollte so hoch gewählt sein, dass eine Größensegregation 

der Partikel unterdrückt wird, die Zahl der Packungslücken jedoch minimal bleibt.  
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II . Abstract 

 

This work is based upon the fundamentals that were introduced by the preceding di-

ploma thesis "Dreidimensionale Rekonstruktion monolithischer Festphasen mittels 

konfokaler Lasermikroskopie" [1]. It is concerned with the acquisition of three-dimensional 

image data of chromatography columns in the capillary format as well as their reconstruc-

tion and analysis in view of the dispersive properties of the separation column. Key aspect 

in the characterization are radial heterogeneities because in UHPLC these heterogeneities 

contribute in large part to dispersive band broadening [2]. Therefore, radial heterogeneities 

carry a particular significance in the development of chromatography columns of improved 

separation efficiency. Additionally, the three-dimensional reconstruction of stationary 

phase support material can aid to shed light on the influence of process parameters in the 

slurry packing process or be used as a model structure for benchmark simulations in com-

putational studies of hydrodynamic dispersion. Consecutively, the subjects that are covered 

in the individual chapters of this work are being summarized: 

 

Chapter 1 deals with the development of a sample setup for the reproducible and accu-

rate three-dimensional recording of silica-based capillary monoliths via confocal laser 

scanning microscopy. It presents a two-step surface modification of unmodified silica 

monoliths (Chromolith CapRod) that allows for fluorescence activation. This is achieved 

by aminating the surface of the monolith and coupling a succinimidyl ester of the dye 

V450 to the introduced amino functions. The chapter describes a sample setup for micros-

copy that enables the minimization of aberrations by matching the refractive index of em-

bedding and immersion medium to the refractive index of fused silica. Assuming additivity 

of optical aberrations, the introduction of a thinner than standard cover slip allows for ex-

perimental resolutions that are close to the diffraction limit. The image data that were rec-

orded from the monolith were restored by deconvolution and segmented into a binary da-

taset for quantitative image analysis. The pore size distribution of the monolith's 

macropores was evaluated using chord length distributions. This enabled a comparison 

with data recorded by Courtois et al. [3] who already made recordings of a comparable 

material via transmission electron microscopy. 
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Chapter 2 extends the imaging method to particulate beds. This is represented by a re-

construction of a 100 µm i.d. capillary column packed with Kinetex coreïshell particles. 

The sample setup in Chapter 1 is improved by using a ternary mixture composed of glyc-

erol, dimethyl sulfoxide, and water for refractive index matching of fused silica. This al-

lowed compensating for wavelength dependent chromatic dispersion. Additionally, a depth 

dependent correction for signal intensity was introduced. Opposed to monolithic media 

particle packed beds allow the reconstruction to be guided by the building unit of the struc-

ture, i.e., the particle. The chapter describes how individual coreïshell particles can be lo-

cated using a bandpass filtering technique. Their size is estimated assuming perfect sphe-

ricity of each particle. The reconstruction is analyzed by visualizing packing defects and 

introduces a radial transcolumn porosity profile that enabled identifying two distinct wall 

effects in the bed. One is the geometrical wall effect that is caused by the inability of rigid 

particles to pack densely to a solid wall [4]. Thus, a random close packing in particle layers 

next to a confinement is not possible. The second wall effect observed cannot be found in 

every particle packed bed. The coreïshell bed displayed minimal porosity 

4ï5 particle diameters (dp) in the column before slowly increasing to bulk porosity at 

~10.5 dp distance from the capillary wall. Again, the interstitial void space was character-

ized by a chord length distribution. It was realized that its distribution function can be de-

scribed by a k-gamma function that already had been used for the analysis of Voronoi vol-

ume distributions [5ï7]. The two parameters of the function provide a measure for pore 

size and pore size dispersion. Since the latter is predominantly determined by chords that 

reach through 1ï2 flow through pores it followed that these parameters could be used a 

descriptors for transchannel and short-range interchannel dispersion as described by Gid-

dings [8]. 

 

An application of the k-gamma function is provided in Chapter 3. Eleven silica mono-

liths prepared in 100 µm i.d. capillaries, one of them C18-modified, were evaluated for 

their chromatographic separation efficiency and microstructural dispersive contributions. 

Transchannel and short-range interchannel contribution were described by k-gamma fits to 

the chord length distributions. The transcolumn contribution was covered by radial porosi-

ty and pore size distributions. The chapter illustrates that the separation efficiency of silica 

monoliths primarily scales with the macropore size. Whenever a monolith performed poor-

er than its pore size suggested, reasoning could be found in irregularities of the radial struc-
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ture. The monolith would show an increased porosity or pore size in the vicinity of the 

capillary wall. Since the monolith is prepared directly within the capillary it is exposed to 

stress from structural shrinkage during condensation. Stress is elevated by single monolith-

ic rods that snap off from the capillary wall. Thus, Chapter 3 outlines a fundamental prob-

lem that accompanies the preparation of capillary monoliths.  

 

A first study on the influence of packing parameters on separation efficiency and bed 

morphology of packed beds was performed in Chapter 4. Six capillary columns of varying 

inner diameter from 10 µm to 75 µm were evaluated while other packing parameters were 

kept constant. The capillaries were packed with C18-modified 1.7 µm Acquity BEH parti-

cles. It was observed that separation efficiency would drop with increasing capillary i.d.. 

This cannot be explained by the geometry of the column alone, i.e., an increasing trans-

verse diffusion length over the column radius. Hence, a change in the bed microstructure 

has to be observable. The chapter discusses in detail how the C18-modified particles can 

be stained by adsorption of the fluorescent dye Bodipy 493/503 and how they are localized 

and reconstructed from the image data. Surplus, the image processing procedure was ex-

tended by a correction for photon noise and capillary drift during measurements. It was 

shown that with increasing capillary i.d. the packing density in the wall region of the capil-

laries would drop considerably. Thus, again the loss in separation efficiency could be ex-

plained by an increased transcolumn contribution to eddy dispersion. It was observed that 

the particle size distribution could not be seen as a constant along the column diameter. 

Whenever a column performed poorly a size segregation of particles was observable, i.e., 

the likelihood of finding small particles in the vicinity of the capillary wall was increased. 

 

Chapter 5 illustrates a study with a comparable approach. Six different particle types 

where packed with identical conditions in capillaries of 100 µm i.d.. The particles were 

fully porous 3 µm Atlantis, 3 µm Luna, and 3.5 µm Zorbax particles as well as 2.7 µm 

Halo, 2.6 µm Kinetex, and 2.5 µm Poroshell particles representing coreïshell materials. 

The latter do have a particle size distribution (PSD) that is much narrower than the PSD of 

fully porous particles. This is owed to the differing preparation process and frequently 

marketed as an intrinsic advantage that would yield more homogeneous beds to explain the 

excellent separation efficiencies of hmin < 1.6 that can be observed in analytical columns 

packed with coreïshell particles. The chapter discusses anomalies, like agglomerated parti-
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cles and defective particles that can be observed in the beds of these different particle 

types. Guiding topic for the study was if coreïshell particles do in fact form beds of higher 

homogeneity than beds packed with fully porous particles. Previously, simulations in our 

working group had shown that, under the assumption of an infinite diameter column, the 

gain in column performance that can be expected due to a narrow PSD of RSI 3.4% can be 

neglected in chromatographic praxis when compared with the efficiency of a bed packed 

with particles of a wide PSD (RSI = 25.3%) [9]. The reconstructions confirm these find-

ings since coreïshell materials were not distinguishable from fully porous materials using 

the chord length approach in the bulk of the capillaries. But, the chapter also illustrates that 

the packing microstructure of these two particle types is fundamentally different in the wall 

region. While Atlantis, Luna, and Zorbax particles show an increased porosity in the wall 

region (at 0ï5 dp distance from the capillary wall) when compared with the bulk of the 

column, the porosity is decreased for Halo, Kinetex, and Poroshell packed beds. Addition-

ally, coreïshell materials displayed a transition region (5ï10 dp) in which the local porosity 

approaches the bulk porosity. At this distance in the column fully porous materials already 

exhibited bulk properties. This was shown using the integral areas of deviations from the 

bulk porosity in the porosity profiles, termed integral porosity deviation (IPD). The chapter 

shows that the maximal velocity inequalities of eluent flow that can be expected in beds of 

fully porous materials are larger than for coreïshell materials. Yet, the volume that is cov-

ered by wall effects is larger for coreïshell packed beds. Thus, the excellent separation 

efficiencies observed with coreïshell particles are currently limited almost exclusively to 

columns of > 1 mm i.d.. 

 

A statement that can be found in earlier chapters of this work is that the imaging ap-

proach of chromatography columns enables an unbiased comparison of monolithic and 

particulate stationary phase supports. Chapter 6 is dedicated to this by comparing a silica 

monolith and a sub-2 µm packing in 20 µm i.d. capillaries. The study discusses the micro-

structure of these columns with regard to transchannel, short-range interchannel, and 

transcolumn dispersion using the already established descriptors. The chapter illustrates 

that silica monoliths do have a more homogeneous structure than packed beds. Still, the 

transchannel contribution in the currently available monolithic media is much higher than 

for state of the art particulate columns. Thus, silica monolith preparation has to target a 
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reduction in pore size while conserving the structural homogeneity of the present materials, 

whereas particulate packings have to focus on an attenuation of the wall effects. 

 

Chapter 7 picks up the results of Chapter 4 and shows how the bed microstructure is af-

fected by the slurry concentration (cs) used in the slurry packing process. For this purpose 

capillaries were packed with slurries of varying particles (0.9, 1.5, and 1.7 µm Acquity 

BEH and 1.7 µm Kinetex particles) and concentration. The beds were characterized for 

their separation efficiency and microstructural properties. The study showed that size seg-

regation of particles that occurs at cs < 1% can be suppressed at cs = 2%ï10%. The effi-

ciency of these columns was improved by this from hmin å 2.0 to hmin å 1.5. For the capil-

laries packed with Kinetex material particle size segregation was not possible because of 

the narrow particle size distribution of these particles. Still, improvements in efficiency 

were observable when cs was increased. To eliminate the uncertainty that comes with esti-

mating the particle size the local distance of particles was discussed. This enabled to visu-

alize that higher separation efficiencies can be explained by a densification of the bed in 

the crucial wall region. The trade-off that higher slurry concentrations showed was an in-

creased number of packing gaps, both in fully porous and coreïshell packed beds. Once 

again, the chapter highlights the potential of using microscopic reconstruction and an anal-

ysis of macroscopic separation efficiency comprehensively. It illustrates that the packing of 

beds of increasing inner diameter requires higher slurry concentrations. The concentrations 

should be chosen to suppress particle size segregation while keeping the amount of pack-

ing gaps as small as possible. 
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III. Introduction  

 

The chromatographic characterization of an HPLC column is essentially limited to bulk 

parameters such as porosity, permeability, peak shape, or most prominently separation ef-

ficiency. Frequently, shortcomings in separation efficiency are associated with heterogene-

ities in the bed structure but this is neither easily proofed nor improved if the origins of 

these heterogeneities remain unknown. Therefore, it is an essential requirement for column 

technology and the fundamental understanding of dispersion in chromatography to be able 

to visualize and quantify microstructural features in a separation column. 

During the course of this work the chromatographic community experienced a land-

slide development in particle technology. Commonly, a reduced plate height value in the 

minimum of the plate height curve of hmin å 2 has been seen to provide a bed packed ho-

mogenously with fully porous particles. Now a new generation of coreïshell particles was 

released that allows for remarkably efficient beds with hmin < 1.6 (in the analytical column 

format) [1ï4]. Higher pressure instrumentation gave rise to UHPLC and enabled using 

columns packed with sub-2 µm fully porous particles. At present columns packed with 

1.3 µm Kinetex coreïshell particles constitute the smallest particles ever commercially 

available in a chromatography column [5]. 

Although their development stalled for several years silica monolith based chromatog-

raphy columns have established themselves as an alternative to particle packed beds in 

small molecule separations providing high permeability and thus the capability of high 

speed separations. Finally, in 2012 the Merck KGaA (Darmstadt, Germany) announced the 

release of the 2
nd

 generation of Chromolith columns named Chromolith High-Resolution. 

With these columns a Hmin å 7 µm is now achievable [6,7]. The reasons that allowed for 

these severe improvements in separation efficiency are a reduced pore size when compared 

with the 1
st
 generation and an improved cladding procedure minimizing potential void re-

gion at the columnïmonolith interface [7,8]. 

All these developments in column technology moved the relevance of bed heterogenei-

ties in a renewed perspective. Misleadingly, it was speculated that the excellent perfor-

mance of coreïshell particles is based on their narrow particle size distribution that allows 

for a higher homogeneity in the bulk of the bed [9]. Again, a higher radial homogeneity 

seems a far more likely explanation [10]. In a recent perspective by Gritti and Guiochon 
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the transcolumn dispersion, which is caused by column cross-sectional heterogeneities in a 

packing, dominates the efficiency of particle-packed beds with up to 70% of the total dis-

persion in UHPLC columns [11]. Notably, the available UHPLC instrumentation is already 

working at full capacity with the sub-2 µm particle packed columns due to pressure limita-

tions. Thus, the biggest potential in further plate height reduction can be found in improv-

ing the transcolumn homogeneity in particulate and monolithic beds alike. 

Studies on columns in the analytical format have been able to characterize radial heter-

ogeneities on the column scale via locally resolved elution profiles using an on-column 

local electrochemical detector [12ï14]. Although only a handful of data points can be gen-

erated over a column inner diameter (i.d.) of 4.6 mm by this method the measurements 

already impressively demonstrated how the separation efficiency of a column is deteriorat-

ed by the presence of wall effects, i.e., heterogeneities in packing density that are induced 

by the presence of a confining column wall. Such porosity biases directly translate into 

velocity biases in the mobile phase causing eddy dispersion and the awareness of the rele-

vance of transcolumn dispersion has led to developments that aim to minimize its impact 

on separation efficiency, e.g., the parallel segmented flow technique [15ï18]. 

In capillary chromatography the above methods are all not applicable. Therefore, the 

purpose of this thesis was to develop and apply an approach that allows detecting and 

quantifying heterogeneities in capillary columns; preferably on all the length scales that are 

relevant to eddy dispersion [19,20]. For this a straightforward and comprehensive approach 

is to generate an image of the bed microstructure itself and apply appropriate morphologi-

cal descriptors to it. Yet, standard scanning electron microscopy, which is applied most 

frequently to describe the morphology of a stationary phase support, does not transport 

sufficient morphological information, i.e., the features in the bed microstructure cannot be 

localized accurately due to a lack of depth information. The minimum requirement for lo-

calization of structural features and quantitative characterization of the bed morphology via 

imaging are two-dimensional slices, e.g., images from transmission electron microsco-

py [21]. Apparently, three-dimensional reconstructions of a column segment are even pref-

erable over two-dimensional images because the available sample volume that can be char-

acterized is much larger and all morphological information of the bed microstructure is 

conserved, e.g., the pore connectivity which is lost in 2D. 

Simulations have proven to be an unexcelled tool in unraveling the complex morpholo-

gyïtransport relationships that exist in a separation column [10,20,22ï33]. They allow for 
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an incremental variation of morphological parameters, like porosity or disorder, with an 

amount of control that is unobtainable in an experiment. Yet, algorithms that simulate the 

packing of particles in a column cannot account for all interrelationships between experi-

mental packing parameters and resulting bed morphology. This is especially critical when 

wall effects are to be considered. Even more model structures of monolithic media that 

have been used for simulations [34ï36] lack a sound physical background which provides 

another reason to pursue three-dimensional reconstructions of chromatography columns. 

These reconstructions can form an invaluable bridging element between the simulation of 

hydrodynamic dispersion and experimental data. They can serve to compute benchmark 

simulations or provide a model structure of a monolith that can be expected to provide re-

sults that are far more reliable than simulations based on a model structure that assumes a 

tetrahedral geometry for the monolith. 

Apart from interests that might seem to be of a primarily academic origin, three-

dimensional reconstructions may also aid the manufacturer of monolithic and particle 

packed columns to improve their preparation conditions. The efficient preparation of silica 

monoliths and particle packed beds has always been a great secret among practitioners and 

the industry. The effects of individual packing parameters on the bed morphology are poor-

ly understood and seldom explored systematically. Again, this requires quantitative 

knowledge of the bed microstructure. Only controlled preparation conditions combined 

with comprehensive knowledge of bed microstructure and macroscopic separation effi-

ciency allow deducting the impact of varying preparation conditions and call for the three-

dimensional reconstruction of a bed that has been prepared and characterized chromato-

graphically. 

From the pool of available methods for three-dimensional image acquisition confocal 

laser scanning microscopy (CLSM) was the first choice for this project. It is convenient 

that the instrumentation is available at many research facilities and image acquisition can 

be performed in a matter of minutes. But, more importantly the dimensions that can be 

covered by CLSM match with the dimensions of capillary HPLC columns and sectioning 

of a sample is performed optically, i.e., mechanically invasive preparation steps that might 

alter the microstructure of the bed can be avoided. 

As a matter of fact this thesis is not the first to apply CLSM to chromatographic sup-

port material. Jinnai and co-workers [37ï42] already approached the formation process and 

geometrical properties like pore shape and connectivity of custom prepared polymer and 



Introduction 

 

16 

 

silica-based monoliths using three-dimensional reconstructions acquired by CLSM. Yet, 

the investigated samples were either unconfined or confined between two coverslips and 

transferring their method to an actual separation column is far from being trivial. Present 

chromatographic support media show features on the size close to the resolution capacities 

of a confocal microscope requiring an optimized optical setup for accurate imaging. How-

ever, capillary columns do have a curved surface and are made of fused silica which re-

quires compensation because the refractive index of fused silica deviates from the specifi-

cations required for a standard CLSM sample. The preceding diploma thesis [44] to this 

thesis already explored the potential of CLSM for an on-column characterization of capil-

lary HPLC columns that formed the basis for this work. 

It is the scope of this work to establish a reproducible and robust method for three-

dimensional imaging and reconstruction of capillary columns in a silica monolithic and 

particulate layout. Chapter 1 and 2 are almost exclusively dedicated to this introducing the 

reconstruction and analysis of a tetramethoxysilane-based monolithic and a column packed 

with coreïshell particles. Later chapters deal with the application of the method to the 

preparation of capillary HPLC columns and the refinement of morphological descriptors 

that provide a correlation to separation efficiency. These studies all have a strong focus on 

radial heterogeneities that may occur in a separation column. They are ordered chronologi-

cally. In Chapter 3 the morphology of tetramethoxysilaneïmethyltrimethoxysilane hybrid 

monoliths is investigated and related to their separation efficiency. The study illustrates 

how the efficiency of these monoliths is affected by detachments of monolithic rods from 

the capillary wall. The preparation conditions in the slurry packing of particulate columns 

are in the focus of Chapter 4, 5, and 7. Chapter 4 discusses the effects of a varying capil-

lary inner diameter on the bed structure of capillaries packed with sub-2 µm particles. De-

viations in radial porosity from the bulk porosity are quantified and related to the separa-

tion efficiency of the columns. It is the first work that visualizes particle size-segregation 

effects in a capillary column. Chapter 5 outlines differences in bed morphology that come 

with different particle types. Three types of fully porous and three types of coreïshell par-

ticles are compared for their microstructural properties and radial heterogeneity. The find-

ings in Chapter 4 and 5 suggested investigating the effects of slurry concentration on bed 

morphology both for fully porous and coreïshell materials. This is done in Chapter 7 and 

outlines how the slurry concentration affects packing defects and particle size-segregation. 

Finally, Chapter 6 provides a comparison of a 20 µm i.d. silica monolithic capillary and a 
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20 µm i.d. particle packed capillary. The chapter shows the advantages and disadvantages 

of the two different stationary phase support concepts by analyzing their microstructural 

properties. Although the conclusions of this study seem little surprising it provides a com-

parison that would not be possible without the availability of three-dimensional reconstruc-

tions. 
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Abstract 

We present a fast, nondestructive, and quantitative approach to characterize the mor-

phology of capillary silica-based monolithic columns by reconstruction from confocal laser 

scanning microscopy images. The method comprises column pretreatment, image acquisi-

tion, image processing, and statistical analysis of the image data. The received morpho-

logical data are chord length distributions for the bulk macropore space and skeleton of the 

silica monolith. The morphological information is shown to be comparable to that derived 

from transmission electron microscopy, but far easier to access. The approach is generally 

applicable to silica-based capillary columns, monolithic or particulate. It allows the rapid 

acquisition of hundreds of longitudinal and cross-sectional images in a single session, re-

solving a multitude of morphological details in the column. 

 

 

1.1 Introduction  

Monolithic stationary phases prepared from organic polymers or porous silica have 

found widespread application in separation science as an alternative to particulate beds  

[1-15]. In the hierarchically structured pore space of monoliths, macropores enable convec-

tive transport and mesoporous skeletons provide a large surface area accessible by diffu-
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sion [16,17]. Key feature in the hydrodynamics and mass transfer kinetics of the chroma-

tographic process is the stationary phase morphology [18].The synthesis of silica monoliths 

for chromatography, introduced by Nakanishi and co-workers [19-23], allows us to modify 

macropore size and skeleton thickness independently from each other. Macroporosity, pore 

size distribution, and domain size (i.e., the sum of macropore size and skeleton thickness) 

are statistical measures that describe the hydraulic permeability of the silica monolith, 

whereas eddy dispersion additionally depends on the pore interconnectivity [24-28]. Most 

often indirect methods like inverse size exclusion chromatography, mercury intrusion po-

rosimetry, and gas sorption are used to measure porosity, pore size distributions, and spe-

cific surface area of porous media. However, these methods rely on assumptions about the 

pore geometry (e.g., a cylindrical, open pore structure) that may have limited applicability 

for the investigated porous medium. Thus, the results of indirect methods depend on the 

accuracy of the underlying model [28-33]. 

Imaging techniques like scanning and transmission electron microscopy (SEM and 

TEM, respectively) provide a direct, model-independent insight into the pore structure at 

nanometer resolution. Porosity, pore size distribution, and surface area of a stationary 

phase can be derived from cross-sectional TEM micrographs of the column by quantitative 

stereology [34]. Acquisition of TEM images is a time- and skill-consuming process, as it 

requires the sample to be embedded, cut with a microtome, and polished in the preparation 

process. Additionally, the fused-silica wall of capillary columns has to be removed before 

cutting with hydrofluoric acid [34]. SEM images are more easily accessible: the column is 

cut, and the resulting surface, usually the column cross section, is covered with a thin gold 

layer [33,25]. The morphology of newly synthesized monoliths is usually characterized by 

visually estimating the average domain size from SEM images. However, SEM images 

offer no reliable depth information and thus lack the required morphological details. At the 

moment, the insufficient characterization of silica monoliths limits systematic optimization 

of their fabrication to yield highly efficient high-performance liquid chromatography 

(HPLC) columns [16,17]. 

The usefulness of morphological information from TEM and SEM depends on the 

quality and number of representative cuts from the investigated column. As an alternative 

to these column-cutting methods, confocal laser scanning microscopy (CLSM) has been 

used previously for the characterization of monolithic materials. CLSM is nondestructive, 

widely and commercially available, enjoys simple and fast sample preparation, and allows 
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the rapid acquisition of longitudinal and cross-sectional images at any position in the col-

umn. Between 2000 and 2007, Jinnai and co-workers [36-42] in particular published three-

dimensional (3D) reconstructions of custom-prepared organic polymer and silica-based 

monoliths. They investigated monolithic samples not in a column format, but either uncon-

fined or confined between two coverslips. The 3D reconstructions gave insight into the 

formation process of monoliths and their geometrical properties like pore shape and con-

nectivity. 

In particulate columns the interparticle pore size and heterogeneity are intimately cou-

pled to the particle sizes and the packing density, which makes particle size distribution 

and porosity suitable descriptors of pore space morphology. However, the microstructure 

of more complex random porous media like monoliths, which lack an elementary building 

unit comparable to a spherical particle, cannot be sufficiently characterized with an object-

oriented approach. As an alternative, chord length distributions (CLDs) and closely related 

statistical analysis measures, whose calculation does not involve assumptions about the 

shape of morphological elements, have been frequently used to characterize the properties 

of random porous media [43-47]. Size and shape of a CLD are influenced by the volume 

ratio, surface area, anisotropy, and heterogeneity of the underlying morphological element. 

Therefore, the monolithic macropore morphology should be comprehensively and accu-

rately described by statistical analysis in terms of CLDs. Although it is possible that differ-

ent macropore morphologies result in identical CLDs, a narrow CLD will point to a homo-

geneous monolith with high separation efficiency. Courtois et al. [34] have paved the way 

by introducing CLDs derived from TEM micrographs for the characterization of monolith 

morphology. Beside several organic polymer-based monolithic columns, they also investi-

gated silica-based Chromolith columns. 

In this work we show how CLSM ï though inferior in resolution ï can provide quanti-

fiable morphological information comparable to TEM. We investigate a commercially 

available HPLC capillary column with a bare-silica monolithic stationary phase (Chromo-

lith CapRod). The manufacturer has specified the average macropore size of the monolith 

as 2 µm by mercury intrusion porosimetry. Consequently, the resolution of the optical sys-

tem is critical. We will give a detailed description of all necessary steps required to image a 

monolithic bare-silica capillary column close to the diffraction limit and extract the desired 

morphological information. These steps comprise column pretreatment, image acquisition, 

image processing, and statistical analysis. The received CLDs are compared with the pre-

vious TEM-based characterization and discussed in terms of silica monolith morphology.
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1.2 Experimental Section 

 

1.2.1 Chemicals and Materials. Research samples of ca. 60 cm long bare-silica mono-

lithic columns (Chromolith CapRod) in 100 µm i.d. fused-silica capillaries were provided 

by Merck KGaA (Darmstadt, Germany). 3-Carboxy-6-chloro-7-hydroxycoumarin was pur-

chased from Endotherm Life Science Molecules (Saarbrücken, Germany); 3-aminopropyl-

triethoxysilane, N,Nǋ-disuccinimidyl carbonate (DSC), and 4-dimethylaminopyridine 

(DMAP) were supplied by Alfa Aesar GmbH (Karlsruhe, Germany). Triethylamine 

(Et3N), dimethyl sulfoxide (DMSO), glycerol, HPLC-grade ethanol and methanol, and 

dimethylformamide (DMF) were purchased from Sigma Aldrich Chemie GmbH 

(Taufkirchen, Germany). HPLC-grade water was obtained from a Milli -Q gradient water 

purification system (Millipore, Bedford,MA). 

 

1.2.2 Column Pretreatment. Figure 1.1 gives an overview of the column pretreatment 

steps. A succinimidyl ester of dye V450 was synthesized with 75% yield starting from 

3-carboxy-6-chloro-7-hydroxycoumarin as described by Abrams et al. [48]. The bare silica 

surface of the monolithic column was amine-modified for covalent binding of the V450-

succinimidyl ester following a method outlined by El Kadib et al. [49]. For this purpose, a 

ca. 12 cm long piece of the capillary column was first cleaned with 0.5 mL of methanol at 

a flow rate of 2 µL/min. Next, 750 µL of a 3-aminopropyltriethoxysilane solution (0.1 M in 

ethanol) was pumped through the column at 1 µL/min and 70 °C overnight. The amine-

modified column was then flushed subsequently with 0.5 mL of ethanol and 0.5 mL of 

methanol/water 50/50 (v/v) at 2 µL/min. For covalent attachment of the dye to the mono-

lithôs surface, 150 ÕL of a V450-succinimidyl ester solution (5 mg in 250 µL of DMF) was 

pumped through the amine-modified column at 0.2 µL/min. Purging with 0.5 mL of 

DMSO/water 81/19 (v/v) at 2 µL/min removed excess dye and prepared the column for 

CLSM experiments. 

Repeated sample preparations have shown that the optimal dye concentration varies for 

each column and depends on the monolithôs age, surface activity, and modifications. If the 

dye concentration is too high (ñdye overloadò), the fluorescence excitation of deeper layers 

in the sample will be hampered, which is visible in the images as an increased shading to-

ward the column center (Figure 1.5A). In contrast to insufficient dye coating, however, dye  
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Figure 1.1:  Surface modification of the bare-silica monolith for CLSM. Starting from 3-carboxy-6-chloro-

7-hydroxycoumarin (1), the succinimidyl ester of dye V450 (2) was synthesized as described by 

Abrams et al. [48] with 75% yield. Amine modification of the bare silica surface of the mono-

li thic column (3) was carried out with 3-aminopropyltriethoxysilane (4) according to El Kadib 

et al. [49]. Reaction of the amine-modified surface (5) with V450-succinimidyl ester (2) re-

sulted in covalent attachment of the dye to the monolithôs skeleton (6). 

 

 

overload is uncritical, because excess dye in the sample can easily be removed 

(ñbleachedò) by laser irradiation during or before image acquisition. The above-reported 

concentration of 20 mg/mL of V450-succinimidyl ester, e.g., required strong irradiation of 

the sample, so lower dye concentrations are possible for column pretreatment. A homoge-

neous luminosity distribution in the images is optimal, but as long as image foreground and 

background are clearly separated at the column wall and center, the subsequent image 

analysis is not compromised due to the employed edge-based image segmentation method 

(see below). In fact, a slight dye overload might be beneficial for scanning large image 

stacks, because the amount of dye limits the time of exposition for each volume increment 

until signal and background noise merge. 
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1.2.3 Image Acquisition. Images were acquired on a TCS SP5 confocal microscopy 

system equipped with a HCX PL APO 63×/1.3 GLYC CORR CS (21°) glycerol immersion 

objective lens from Leica Microsystems (Wetzlar, Germany). Before the column was 

mounted on a custom-made microscope slide, the polyimide coating was removed from an 

~1 cm long segment of the capillary column with a drop of warm sulfuric acid. The column 

was constantly flushed with DMSO/water 81/19 (v/v) at a flow rate of 0.5 µL/min. Glyc-

erol/water 83/17 (v/v) was used as immersion and embedding liquid. Aqueous mixtures of 

DMSO and glycerol were prepared in the given volumetric ratios and then calibrated to 

match the refractive index of the fused-silica capillary wall (n = 1.4582) with an AR200 

digital refractometer (Reichert Analytical Instruments, Depew, NY). A ñtype 0ò coverslip 

of 120 µm thickness separated embedding and immersion liquid. 

From the excitation and emission maxima of the V450 dye at 404 and 448 nm, respec-

tively, the Nyquist sampling criterion was calculated for the applied objective as 38 nm in 

lateral directions and 126 nm in axial direction. The digital zoom was chosen to match a 

pixel size of 30 nm. A UV diode laser was used for excitation at 405 nm. Fluorescence 

emission was detected in the interval between 425 and 480 nm. In total, 170 slices in the 

x-y plane (i.e., along the column axis) at a distance of 126 nm from each other were re-

corded as 16-bit grayscale images of 2048 × 2048 pixels (200 Hz, three line averages), 

yielding a captured volume (in x-, y-, and z-directions) of 61.5 × 61.5 × 21.4 µm³. 

 

1.2.4 Image Processing. Huygens maximum likelihood iterative deconvolution (Scien-

tific Volume Imaging, Hilversum, The Netherlands) was applied to the acquired image 

stack for a more realistic representation of the original object. The software incorporates 

the removal of high-frequency noise and background, which is why, as a preprocessing 

step to deconvolution, we only considered bleaching of the dye by fitting a second-order 

exponential decay to the acquired image stackôs intensity distribution. 

For image segmentation a copy of the acquired image stack was blurred with a Gaus-

sian kernel and then subtracted from the deconvolved original [50]. A value of 200 ů was 

chosen as kernel size, a value that is large compared with image features and small com-

pared with background variations. 
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1.2.5 Image Analysis. The segmented images were analyzed following the method out-

lined by Courtois et al. [34] using in-house software written with Visual Studio C# 2008 

(Microsoft Corporation, Redmond, WA). Briefly, to analyze the macropore space points 

were randomly selected from the void area. From each point vectors were projected in 

32 angularly equispaced directions until they either hit the skeleton or projected out of the 

image boundaries. The latter vectors were discarded. A chord length was then calculated as 

the sum of the absolute lengths of an opposed pair of vectors. Statistics for the chord 

lengths were collected from 4 × 10
5
 chords randomly distributed over the image stack. Us-

ing 4 × 10
5
 chords generated in the skeleton area a distribution of the skeleton thickness 

was generated in the same manner. 
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1.3 Results and Discussion 

 

The specified average macropore size of the investigated Chromolith column is ~2 µm. 

This puts the required resolution of the optical system close to the diffraction limit. There-

fore all experimental steps ï from selection of the fluorescent dye to the details of image 

acquisition and processingswere optimized for resolution. 

 

1.3.1 Column Pretreatment. For a fluorescent, uniform labeling of the bare-silica 

monolithic skeleton, the dye V450 was chosen. It can be covalently attached to the silanol 

groups of the silica surface (Figure 1.1). The excitation maximum of V450 (404 nm) 

closely matches the UV diode laser line (405 nm), and the small Stokes shift of 44 nm en-

sures that detection remains in the shorter wavelength part of the spectrum (448 nm), an 

important consideration as axial and lateral resolution both decrease with the mean of exci-

tation and emission wavelengths [51]. 

 

1.3.2 Image Acquisition. Degeneration of resolution in optical microscopy is almost 

exclusively caused by spherical aberrations from a refractive index (RI) mismatch between 

sample and objective. This is especially critical for glycerol and water objectives, which 

are designed to be used with standardized coverslips. The RI mismatch introduced by de-

viations from the standard coverslip thickness can be partially compensated by tuning the 

correction collar of the objective. For an aberration-free optical system with our experi-

mental device Nyquist-Calculator [52] simulates a point spread function with a lateral reso-

lution (FWHM) of 0.185 µm and an axial resolution of 0.389 µm (Figure 1.2A). If spheri-

cal aberrations from, e.g., a 40 µm thick coverslip are introduced to the system, the point 

spread function broadens to a lateral resolution of 0.197 µm and an axial resolution of 

0.894 µm (Figure 1.2B). Consequently, the quality of our measurements will be limited by 

the achievable resolution along the optical axis, i.e., the optical slice thickness. 
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Figure 1.2:  Lateral and axial point spread functions simulated with the Nyquist-Calculator [52] for (A) an 

aberration-free optical system (FWHM (lateral) å 0.185 Õm, FWHM (axial) å 0.389 Õm) and 

(B) a system with aberrations from a 40 µm thick coverslip (FWHM (lateral) å 0.197 Õm and 

FWHM (axial) å 0.894 Õm). 

 

 

Figure 1.3 illustrates our CLSM setup. For a distortion-free image of the silica mono-

lith, RI matching of the fused-silica capillary wall (n = 1.4582) is of predominant impor-

tance to hinder the curved wall to function as a lens. The RI of the monolithic silica skele-

ton is close enough to that of the fused-silica wall, and constant flushing of the column 

with a mixture of DMSO/water calibrated to an RI of n = 1.4582 eliminates the RI mis-

match from the pore space of the monolith. Because the optimal RI for the used micro-

scope objective is n = 1.451, spherical aberrations and a focal shift, increasing with sam-

pling depth, will inevitably be introduced into the optical setup. Spherical aberrations could 

in principle be eliminated by altering the effective tube length of the objective, but this is 

not possible in a commercial system. However, if the immersion medium for the objective 

lens is also chosen to match the RI of the capillary wall, spherical aberrations in the system 
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become independent of sampling depth. A glycerol/water mixture also calibrated to an RI 

of n = 1.4582 was therefore used as immersion and embedding liquid. The spherical aber-

rations caused by the capillary RI matching over the free working distance of the objective 

were equivalent to a 40 µm thick coverslip (see example above). The coverslip thickness 

was then chosen such that the spherical aberrations from coverslip, immersion medium, 

and sample approximately added up to the spherical aberration correction of the lens sys-

tem (designed for a standard coverslip of 170 µm thickness). Therefore, a coverslip thick-

ness of 130 µm would have been optimal. However, it turned out to be more practical to 

use a roughly 120 Õm thick ñtype 0ò coverslip and tune the correction collar of the objec-

tive accordingly. 

 

 

 

 

Figure 1.3:  Light beam focus from microscope objective into the monolith sample displaying the respective 

refractive indexes of the elements in the optical pathway. A glycerol/water mixture was used as 

immersion and embedding liquid, and a DMSO/water mixture was used for refractive index 

matching of the monolithôs void (pore) space. A coverslip thickness of t = 120 µm was chosen 

to balance the remaining spherical aberrations from coverslip, immersion medium, and sample 

by tuning the correction collar of the objective accordingly. 
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Figure 1.4 shows sections from depth profiles of the fluorescently labeled columnôs 

cross section acquired with two different coverslip types, a 160 Õm thick ñtype 1ò and a 

120 Õm thick ñtype 0ò coverslip. The depth profiles are shown side by side as two quarters 

of the cross section for ease of comparison. The right image, acquired with the 120 µm 

thick coverslip, is sharper and bright regions are better resolved, because there is less stray 

light from adjacent optical slices as a result of balanced spherical aberrations. 

 

 

 

 

Figure 1.4: Depth profiles (x-z slices) showing the cross section of the fluorescently labeled silica mono-

lithic capillary column. The left profile was acquired with a 160 Õm ñtype 1ò coverslip, the right 

profile with a 120 Õm ñtype 0ò coverslip. In each case the correction collar of the microscope 

objective was tuned to minimize aberrations. 

 

 

Figure 1.5 shows raw CLSM images of a longitudinal section (i.e., aligned with the 

column axis) through the widest part of the fluorescently labeled monolithic capillary col-

umn and of its cross section. Both images reveal gaps between monolith skeleton and cap-

illary wall, which are supposed to result from the uneven character of the mechanical stress 

that is experienced by the monolithïwall interface during shrinkage step of the preparation. 

This is a well-known problem, particularly for the rigid, but brittle, silica monoliths pre-

pared with pure tetramethoxysilane [16]. In analytical [53] and semipreparative [54] mono-
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lithic silica columns wall effects in general have been identified before to substantially 

affect the average cross-sectional plate height, and they are also known for capillary mono-

liths [55,56]. The lateral pore space heterogeneity and its large contribution to eddy disper-

sion is at present the main drawback of silica monoliths in chromatographic practice [16]. 

The presented approach of column pretreatment and CLSM image acquisition allows 

quick scanning along the capillary column to check for obvious defects in the monolith 

structure, e.g., as a process control step in silica monolith preparation. The quantitative 

characterization of the monolith morphology additionally requires image processing and 

statistical analysis of the image data. 

 

 

 

 

Figure 1.5:  Raw CLSM images of the 100 µm i.d. fluorescently labeled silica monolithic capillary column: 

(A) longitudinal (i.e., along the column axis) central section (x-y slice, 100 µm distance from 

wall to wall); (B) cross-sectional (x-z) slice. 

 

 

1.3.3 Image Processing. Image processing involved two consecutive steps: restoration 

and segmentation (Figure 1.6). The amount of blurring in the raw images was reduced by 

Huygens maximum likelihood iterative deconvolution. With the good a priori knowledge 

of the optical system and the point spread function, these calculations are particularly ef-

fective for CLSM and increase axial resolution by a factor of 2-4 [57]. In this way, the op-

tical slice thickness of the CLSM images approaches the thickness of TEM micrographs. 
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To extract quantitative information the restored images have to be segmented into fore-

ground and background class. High-resolution CLSM images are dim because the pinhole 

excludes a lot of light. As a consequence, foreground and background information in the 

images, i.e., silica skeleton and void space, are not completely separated by their intensity 

alone. Therefore, the contour of objects was considered in the segmentation process. Ap-

plication of high-pass filtering to the restored images preserved any edge in the images 

(high-frequency information) and eliminated the remaining background noise (low-

frequency information). After filtering, any positive-valued pixel was considered part of 

the silica skeleton (Figure 1.6). The applied segmentation method is completely automatic 

and not influenced by spatial variations in the detector signal, an advantage over process-

ing steps like, e.g., intensity-based thresholding. For better visualization further image en-

hancing steps are possible, but these do not improve the quality of the data extracted by the 

subsequent image analysis. 

 

 

 

 

Figure 1.6:  Image processing. Shown is a 25 × 25 µm2section from a longitudinal image (x-y slice) through 

the bulk part of the fluorescently labeled silica monolithic column: (A) raw image, (B) restored 

image, and (C) segmented image. 

 

 

1.3.4 Statistical Analysis. For statistical analysis of morphological properties, an image 

stack of 170 longitudinal sections (x-y slices) covering a volume of 61.5 × 61.5 × 21.4 µm³ 

was acquired in the bulk part of the capillary. Longitudinal rather than cross-sectional 

slices were chosen for image analysis to take advantage of the better resolution in the focal 

plane. Image analysis was performed on 160 of the 170 longitudinal sections (x-y slices) in 
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the acquired stack. Five images from each border were excluded, because restoration is less 

accurate for border images. For the same reason, 1.5 µm from each side of the stack were 

cropped before analysis so that morphological data were finally extracted from a volume of 

60 µm length and 60 × 20.2 µm² cross section. This volume is more than sufficient to rep-

resent the bulk properties of the monolith [58]. 

The macroporosity was determined in each slice as the ratio of void pixels to all pixels. 

Bulk macroporosity varied between 0.677 and 0.716 around a mean value of 0.695 (Fig-

ure 1.7), which agrees well with macroporosities of Chromolith columns determined by 

inverse size exclusion chromatography [32]. 

CLDs were calculated as outlined by Courtois et al. [34] for the macropore space 

(ūpore) and the silica skeleton (ūskel). The obtained ūpore is very similar to the CLD derived 

from TEM micrographs [34] for a Chromolith column (Figure 1.8). The median chord 

length of ūpore is 3.2 µm (Table 1.1), the same value as found by TEM. This demonstrates 

that the ability of the presented CLSM method to yield quantifiable morphological data is 

comparable to the TEM image analysis. 

 

 

 

 

Figure 1.7:  Variation of macroporosity as determined from 160 restored and segmented CLSM images of 

60 × 60 µm² longitudinal sections (x-y slices) acquired in the bulk of the fluorescently labeled 

silica monolithic column. The dashed line indicates the mean value (0.695). 
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Table 1.1: Statistical properties of the chord length distributions (cf. Fig. 1.8). 

 

 Macropore space Monolith skeleton 

Mode 2.2 µm 0.9 µm 

Median 3.2 µm 1.2 µm 

Arithmetic mean 3.8 µm 1.4 µm 

Variance 7.6 µm 0.8 µm 

Persistence length 3.1 µm 1.0 µm 

 

 

 

 

Figure 1.8:  Chord length distributions for the macropore space ūpore (A) and the silica skeleton ūskel (B) of 

the monolith determined from CLSM images of longitudinal sections (x-y slices) through the 

bulk of the capillary column. The respective ūpore determined previously from TEM micro-

graphs [34] is shown for comparison. Characteristic statistical measures of ūpore and ūskel are 

summarized in Table 1.1. 
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The arithmetic mean of the CLDs of the void space varied between 3.7 and 4.0 µm for 

the analyzed different spatial directions. For CLDs of the skeleton the variations were 

found to range from 1.4 to 1.5 µm. Because these variations are in fact smaller than those 

observed by Courtois et al. [34] the monolithic structure was considered to be isotropic 

within the scope of this work. Characteristic statistical measures of ūpore and ūskel for the 

bulk monolith are summarized in Table 1.1. The moments of these CLDs can be inter-

preted in terms of the size distribution and homogeneity of the underlying structure. 

Unlike materials with Debye randomness, which show exponentially decreasing CLDs, 

monoliths as materials that form from spinodal decomposition exhibit correlated disorder 

and thus a mode in their CLDs [59], i.e., structural order exists on a length scale corre-

sponding to the mode (correlation length). Gille et al. [60] have shown that for an infinitely 

long cylinder the mode of the CLD corresponds to the diameter. Therefore, it is not surpris-

ing that the mode of ūpore (2.2 µm, Table 1.1) is only slightly larger than the nominal 

macropore size of ~2 µm based on mercury intrusion porosimetry for Chromolith col-

umns. The latter method assumes a cylindrical pore shape and usually underestimates the 

pore size due to an ink-bottle effect [61]. 

A chord length in the macropore space represents a straight distance between two en-

counters with the silica skeleton. In an open pore network like that of the monoliths, ūpore 

is asymmetric or skewed toward higher chord lengths. The mode then represents the most 

frequent skeleton wall-to-wall distance, whereas the arithmetic mean represents the aver-

age distance. CLDs with identical mode may possess very different mean values. Thus, the 

mean of ūpore should be a better expression for the average pore size. The mode, however, 

is what the estimation of the domain size from SEM images probably amounts to. 

Separation efficiency of monolithic columns is not only influenced by their macropore 

size distribution but also by the degree of heterogeneity (or disorder) of the macropore 

space. In this respect, the variance of ūpore is an efficient overall measure. The disorder, 

however, is characterized by chords longer than the mode. The exponential decay of the 

determined CLDs, represented by their persistence length (Table 1.1), indicates that this 

disorder can be considered as random [59]. 

So far we focused our analysis on the characterization of ūpore because eddy dispersion, 

as a major limitation to improved separation efficiencies of the silica monoliths, occurs in 

the interskeleton macroporous (flow-through) domain where transport is convection-

dominated. However, the above descriptors are also valid for ūskel, which is associated 
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with diffusion-limited transport and adsorption in the intraskeleton mesopores. These pa-

rameters provide a measure for the ñhomogeneityò (or distribution) of the intraskeleton 

mass transfer resistances. Therefore, a systematic optimization in the fabrication of mono-

lithic HPLC columns could be controlled by minimization of the variances of ūpore and 

ūskel. 

 

 

1.4 Conclusions 

 

We presented a CLSM method composed of column pretreatment, image acquisition, 

and image processing, to characterize the morphology of a silica monolithic capillary col-

umn. The method is generally applicable to silica-based particulate or monolithic columns 

in capillary format and can be used to visualize the stationary phase structure without cut-

ting the column first. The approach yields a multitude of longitudinal and cross-sectional 

images in a short time and allows fast scanning along large segments of a capillary column 

for heterogeneities in macropore morphology. Individual contributions to eddy dispersion, 

e.g., due to wall effects, can thus quickly be identified, enabling the optimization of silica 

monolith preparation for more efficient HPLC columns. 

Statistical analysis of the CLSM images yielded quantifiable morphological informa-

tion in the form of chord length distributions for the macropore space and skeleton thick-

ness. The data are comparable to those derived by TEM image analysis, but easier to ac-

cess, and describe the monolithôs macropore morphology accurately and comprehensively, 

providing a clear advantage over estimates of the average domain size from SEM images. 

Because CLSM is widely and commercially available, we anticipate its increased ap-

plication for quantitative characterization of monolith morphology, following the general 

approach presented and validated in this work. For example, we currently investigate the 

effect of a feed ratio of methyltrimethoxysilane to tetramethoxysilane on the morphology 

of improved hybrid monolithic silica capillary columns [62]. We also plan to extend the 

presented method toward particulate capillary columns. The statistical analysis measures 

introduced in this work will be used to characterize heterogeneities and anisotropies in the 

column and to establish correlations with its chromatographic properties. As these descrip-

tors do not rely on an assumption about the pore space, a link between the morphologies of 

particulate and monolithic beds might emerge. 
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In the future the CLSM approach may be combined with other techniques, e.g., pulsed 

field gradient nuclear magnetic resonance (PFG-NMR) [63,64] or capacitively coupled 

contactless conductivity detection (C
4
D) [65,66]. Whereas on-column C

4
D scanning cannot 

provide data on the lateral heterogeneity, it allows us to quickly evaluate stationary phase 

density variations along the column and visualize band broadening. PFG-NMR, on the 

other hand, records propagator distributions of the mobile phase molecules over discrete 

spatiotemporal domains to characterize velocity distributions and dispersion. When com-

bined, the three techniques provide complementary information that helps to bridge the 

time and length scales from the pore-scale (microscopic) morphology and dynamics to the 

column-scale (macroscopic) transport behavior. 

The presented method may be further utilized for 3D reconstruction of silica monoliths 

to resolve and quantify the total effect of the component plate height curves to eddy disper-

sion by direct pore-scale simulation within the real morphology [18] addressing time and 

length scales behind individual contributions, as reported for packed beds [67]. 
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Abstract 

We report a fast, nondestructive, and quantitative approach to characterize the mor-

phology of packed beds of fine particles by their three-dimensional reconstruction from 

confocal laser scanning microscopy images, exemplarily shown for a 100 µm i.d. fused-

silica capillary packed with 2.6 µm-sized coreïshell particles. The presented method is 

generally applicable to silica-based capillary columns, monolithic or particulate, and com-

prises column pretreatment, image acquisition, image processing, and statistical analysis of 

the image data. It defines a unique platform for fundamental comparisons of particulate 

and monolithic supports using the statistical measures derived from their reconstructions. 

Received morphological data are column cross-sectional porosity profiles and chord length 

distributions from the interparticle macropore space, which are a descriptor of local density 

and can be characterized by a simplified k-gamma distribution. This distribution function 

provides a parameter of location and a parameter of dispersion which can be correlated to 

individual chromatographic band broadening processes (i.e., to transchannel and short-

range interchannel contributions to eddy dispersion, respectively). Together with the 

transcolumn porosity profile the presented approach allows analyzing and quantifying the 

packing microstructure from pore to column scale and therefore holds great promise in a 

comparative study of packing conditions and particle properties, particularly for character-
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izing and minimizing the packing process-specific heterogeneities in the final bed struc-

ture. 

 

 

2.1 Introduction  

Flow and transport behavior in randomly packed beds of particles is a subject with ma-

jor interdisciplinary significance, ranging from chemical reactors to simplified models for 

natural porous media and biological tissue [1ï6]. In chromatography, an understanding of 

these phenomena promises substantial improvement in the design of better performing 

stationary phases and separation technology [7ï9]. Transport in chromatographic columns 

is governed by the interaction of diffusion and advection, i.e., the phenomenon of disper-

sion [10,11]. The flow pattern in laminar flow through a packed bed depends on the mor-

phology, i.e.,the topology and geometry of the available pore space, so that inherent struc-

tural heterogeneity of the packing sensitively influences time and length scales which char-

acterize hydrodynamic dispersion [12,13]. The ñscale dependenceò of dispersion and its 

constituent contributions is central to a deeper understanding and potential reduction of 

dispersion under a given set of variables including the packing protocol parameters, col-

umn dimensions and particle properties, or the actual chromatographic conditions. In addi-

tion, the effect on measured or modeled transport coefficients (e.g., dispersion coefficients) 

of interactions between the time and length scales of observation and the natural scales of 

the chromatographic packings becomes a key issue in the modeling of packed-bed struc-

ture, flow and transport behavior, as well as in a comparison between theory and experi-

ment. Detailed three-dimensional numerical simulations of flow and transport in sphere 

packings are particularly suited to the challenge of investigating the central structureï

transport relationships in chromatographic media, because this approach allows to system-

atically study relevant parameters, such as the shape and average size of the particles, the 

particle size distribution, inter- and intraparticle porosities, as well as the column dimen-

sions and cross-sectional geometry [14ï26]. Transient dispersion can be recorded easily, 

thereby quantifying time and length scales required for the attainment of asymptotic dis-

persion behavior and providing correlations for the dependence of dispersion on the mobile 

phase velocity. Because all dispersion data are referenced to a particular packing micro-

structure and are unbiased by extra-column contributions, the numerical simulations ap-

proach establishes a systematic route towards quantitative structureïtransport relationships. 
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Also statistical information about the structure of the simulated packings can be collected, 

because the position, size, and shape of the particles are precisely known. Together with a 

generation protocol-dependent, dedicated adjustment of the microstructural degree of het-

erogeneity in the sphere packings this approach promises decided progress in our under-

standing of the largely unknown disorder-dispersion correlations [27]. 

Another approach for investigating morphology and performance of chromatographic 

beds under working conditions, which complements the computer-generation of sphere 

packings, is their physical reconstruction by direct imaging. Several imaging techniques 

are nowadays available to investigate the three-dimensional pore structure of chromato-

graphic media and packed beds, in general. They range from nanometer resolution with 

electron tomography [28ï30], through micron and submicron scale with micro-X-ray com-

puterized tomography [31ï33] and confocal laser scanning microscopy (CLSM) [34ï36], 

to several tens of micrometers with nuclear magnetic resonance (NMR) imaging [37ï40]. 

Whereas NMR imaging consequently has been applied to visualize the interparticle pore 

space in confined packings of relatively large, up to millimeter-sized particles, 

electrontomography, on the other extreme, has been used for capturing details of the ad-

sorbents intraparticle pore space. For the reconstruction and statistical analysis of the 

interparticle pore space in modern HPLC packings (of 5 µm-sized and smaller particles), 

the CLSM-based approach appears suitable and its adaptation for that purpose is the topic 

of the present work. 

With the recent development and chromatographic use of sub-3 µm coreïshell particles 

several basic research questions have attracted significant (renewed) attention [41ï49]. 

This includes the influence of the particle size distribution and surface roughness on the 

packing microstructure and separation efficiency. It particularly addresses the impact of the 

packing process and protocol parameters on the microstructural heterogeneity of the result-

ing confined fixed beds. Packing microstructures are commonly classified as just ñmore 

homogeneousò or ñmore heterogeneousò. These intuitive, qualitative labels are usually 

based on the column performance. Experimentally, it would be desirable to generate 

packings with a known (and controllable) degree of heterogeneity. However, this requires a 

sound scientific quantification of the degree of heterogeneity of the underlying, individual 

packing microstructure. We have shown recently in an extensive numerical simulation 

study that the standard deviation and skewness of the Voronoi volume distributions are 

sensitive measures of hydrodynamic dispersion in unconfined, monodisperse, random 
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sphere packings, establishing a correlation between disorder and dispersion in a packing 

[27]. Consequently, it is desirable and will be highly diagnostic to reconstruct experimental 

packings obtained under easily adjustable, but carefully controlled conditions and correlate 

the packing microstructure with the packing protocol parameters and separation efficiency. 

In addition, these reconstructed packings will serve as realistic models for the three-

dimensional pore scale simulation of flow and transport, allowing to quantify time and 

length scales of dispersion with respect to the macroscopic, chromatographic response. 

This complementary analysis will also allow us to resolve the initially mentioned effect on 

measured and modeled transport coefficients of interactions between the time and length 

scales of observation and the natural scales of the real packings. We therefore envisage a 

straightforward approach to the disorder- dispersion correlations for randomly packed beds 

in dependence of packing process and operational parameters as well as particle and col-

umn characteristics. 

In this work we report a significant step towards this challenge. We adopt a CLSM ap-

proach, recently demonstrated for the detailed reconstruction of silica monolith morpholo-

gy [50] and subsequent pore scale simulations of flow and transport [51,52], to reconstruct 

the interparticle pore space morphology in a 100 µm i.d. fused-silica capillary packed with 

2.6 µm coreïshell particles. CLSM is nondestructive, widely and commercially available, 

enjoys simple and fast sample preparation, and allows the rapid acquisition of longitudinal 

and cross-sectional images at any position in the column. The approach is generally appli-

cable to silica-based capillary columns, monolithic or particulate. We give a detailed de-

scription of all necessary steps required to image packed capillary columns close to the 

diffraction limit and extract the desired morphological information. These steps comprise 

column pretreatment, image acquisition, image processing, and statistical analysis. 
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2.2 Experimental 

 

2.2.1 Chemicals and Materials. The 2.6 µm-diameter Kinetex bare-silica particles 

came from Phenomenex Inc. (Torrance, CA, USA). 100 µm i.d. fused silica capillaries 

were obtained from Postnova Analytics GmbH (Landsberg, Germany). 3-Carboxy-6-

chloro-7-hydroxycoumarin was purchased from Endotherm Life Science Molecules 

(Saarbrücken, Germany). 3-aminopropyltriethoxysilane, N,N´-disuccinimidyl carbonate 

(DSC), and 4-dimethylaminopyridine (DMAP) were supplied by Alfa Aesar GmbH (Karls-

ruhe, Germany). Triethylamine (Et3N), dimethyl sulfoxide (DMSO), glycerol, HPLC-grade 

ethanol, dimethylformamide (DMF) and methanol came from Sigma Aldrich Chemie 

GmbH (Taufkirchen, Germany). HPLC-grade water was obtained from a Milli-Q gradient 

water purification system (Millipore, Bedford, MA, USA). 

 

2.2.2 Column Preparation. As described previously [53,54], about 20cm of a fused-

silica capillary were slurry-packed using a WellChrom K-1900 pneumatic pump (Knauer, 

Berlin, Germany) with a 500 µm i.d. glass-lined metal tubing as the slurry reservoir. A 

temporary outlet frit was provided by connecting a micro-union equipped with a 1 µm-

mesh stainless-steel frit (IDEX Health & Science, Wertheim-Mondfeld, Germany) to the 

capillary outlet during the packing process. A 5% slurry was prepared by suspending 

25 mg of dry Kinetex particles in 500 µL of methanol and applying ultrasound for 5 min. 

Then, 35 µL of the slurry were injected into the slurry reservoir and transported to the 

methanol-rinsed capillary, first by pushing with methanol and rising the applied pressure to 

500 bar over 5 min, then by applying ultrasound for 25 min. After consolidation, the capil-

lary was removed from the packing device and methanol was replaced with an aqueous 

solution of sodium chloride (1 g/L) to fix the bed at 9cm bed length with sintered inlet and 

outlet frits using an FSM-05SV fusion splicer (Fujikura, Chessington, UK). 

In order to receive a strong fluorescence signal from the surface of the Kinetex parti-

cles during CLSM a succinimidyl ester of dye V450 was covalently bound to the porous 

shell of the particles. It is a staining method that we previously applied for the imaging of 

silica monolith morphology [50] and sincere fined for pretreatment time and concentration. 

We therefore discuss it only briefly. Fig. 2.1 gives an overview of the column packingôs 

chemical surface modification. A succinimidyl ester of dye V450 was synthesized with 

75% yield starting from 3-carboxy-6-chloro-7-hydroxycoumarin as described by Abrams 
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et al. [55]. The bare-silica surface of the packed capillary was amine-modified for covalent 

binding of the V450-succinimidyl ester following a method outlined by El Kadib et al. 

[56]. For this purpose, the solvent in the capillary was changed back to methanol before 

100 µL of 3-aminopropyltriethoxysilane solution (0.1 M in ethanol) were pumped through 

the column at 0.25 µL/min and 70 °C resulting in an amine-modification of the column. 

Cleaning with ethanol and subsequent treatment with 100 µL of V450-succinimidyl ester 

solution (0.1 mg in 1 mL of DMF at 0.1 µL/min) binds V450 to the amine sites in the col-

umn. A purging step with DMSO/water 81/19 (v/v), to eliminate excess dye and prepare 

the column for the CLSM measurements, completed the column preparation procedure. 

 

 

 

 

Figure 2.1:  Chemical modification of the silica surfaces for CLSM. Starting from 3-carboxy-6-chloro-7-

hydroxycoumarin (1), the succinimidyl ester of dye V450 (2) was synthesized as described by 

Abrams et al. [55] with 75% yield. Amine-modification of the particlesô surface (3) was carried 

out with 3-aminopropyltriethoxysilane (4) according to El Kadib et al. [56]. Reaction of the 

amine-modified surface (5) with V450-succinimidyl ester (2) resulted in covalent attachment of 

the dye to the particles (6). 

 

 

2.2.3 Image Acquisition. Images were acquired on a TCS SP5 II confocal microscopy 

system equipped with a HCX PL APO 63×/1.3 GLYC CORR CS (21°) glycerol immersion 

objective lens from Leica Microsystems (Wetzlar, Germany) by focusing into a capillary 
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segment where the polyimide coating was removed with a drop of warm sulfuric acid. The 

column itself was filled with glycerol/DMSO/water 70/19/11 (v/v) and fixed on a micro-

scope slide within an embedding pool of the same solvent mixture before the measure-

ments. For optimal refractive index (n) matching (cf. Fig. 2.2B) this solvent mixture was 

further calibrated with an AR200 digital refractometer (Reichert Analytical Instruments, 

Depew, NY, USA) to match the refractive index of the fused-silica capillary wall 

(nD = 1.4582 [57]). The glycerol/DMSO/water mixture was also used as an immersion me-

dium for the microscopic lens. A ñtype 0ò coverslip (Gerhard Menzel GmbH, 

Braunschweig, Germany) was selected to separate embedding and immersion liquid and to 

minimize spherical aberrations. The resulting experimental setup is delineated in Fig. 2.2A. 

Excitation of V450 was realized with a 405 nm diode laser. Fluorescence emission was 

detected in the interval 440ï455 nm. Planar views in xy-dimensions, as defined by 

Fig. 2.3, were realized at a scan rate of 100Hz. The pinhole of the microscope was set to 

0.5 AU, and 125 8-bit grayscale images of 4096 × 2048 pixels were recorded at 126 nm 

spacing in z-dimension. Using a digital zoom of 2.0 this resulted in a pixel size of 30 nm 

and a captured volume of 123 µm × 61 µm × 16 µm. The covered region within the packed 

capillary is highlighted in Fig. 2.3. 

 

2.2.4 Image Processing. Bleaching of the fluorescent dye is an inherent feature of laser 

microscopy. It was corrected by fitting a first-order exponential decay to the acquired im-

age stackôs intensity distribution along the dimension of the optical axis (z-dimension). 

Subsequently, Huygens maximum likelihood iterative deconvolution (Scientific Volume 

Imaging, Hilversum, The Netherlands) was applied for image restoration. 

The general idea behind segmenting the image stack into a voxelized three-phase sys-

tem of solid cores, porous shells, and interparticle void space was to locate the particle 

centers via the Fourier transform of the 2D image stack and subsequently flood the stack 

from each particle center to the signal generated by its stained porous shell. The first deriv-

ative of this signal provides two maxima, which were defined as the coreïshell and shellï

void interfaces. An overview of the applied steps is provided by Fig. 2.4. Their implemen-

tation was as follows. 

Background was subtracted from the deconvolved original image stack with a sliding 

paraboloid, and both a two-dimensional gradient image and a bandpass-filtered version of 

the stack were calculated using ImageJ for microscopy [60]. Subtracting the deconvolved 
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Figure 2.2:   

Sample preparation. (A) Light beam fo-

cus from microscope objective into the 

packed capillary displaying the refractive 

indices of the individual elements in the 

optical pathway. A glycerol/DMSO/water 

mixture of 70/19/11 (v/v/v) was used as 

immersion liquid, as embedding liquid, and 

for refractive index matching of the whole 

void space in the packing. (B) Chromatic 

dispersion curves were calculated using the 

Sellmeier equation. For the refractive index 

matching liquid an ideal mixture of glycer-

ol, DMSO, and water was assumed [58]. 

Remaining aberrations in the sample were 

considered to be a function of t, the co-

verslip thickness. Modeling of the systemôs 

illumination point spread functions was 

performed using PSF Lab [59]. The axial 

FWHM (along the optical axis) is very sen-

sitive to spherical aberrations. Numerical 

solutions for the axial FWHM of the sam-

ple setup (A) are presented in (C). An NA 

of 1.3, a wavelength of 405 nm, and a focal 

length of 310 µm were assumed. Results 

suggest to use a coverslip with t = 108 µm 

for balancing remaining spherical aberra-

tions from the coverslip, immersion medi-

um, and sample. Tuning the correction col-

lar of the objective allowed to use a ñtype 

0ò coverslip and compensate for minor de-

viations in t. 
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Figure 2.3:  Illustration of the volume from the cylindrical column packing covered during imaging (green). 

The packing of the Kinetex bare-silica particles is represented by the gray cylinder.  

 

 

original image-stack from the bandpass-filtered version locates intensity at the particle cen-

ters. Thus, the position of each particle can be calculated from the centroids of the resulting  

clusters which was done, along with the further processing steps, using in-house software 

written with Visual Studio C# 2008 (Microsoft Corporation, Redmond, WA, USA). 

Using an overlay of the bandpass (Fig. 2.4B) and the original (Fig. 2.4A) the image 

stack was screened manually for obvious errors in the particle detection, which were most-

ly circular pores identified as particles, leaving 7307 ñtrueò particle centers. The coreïshell 

and shellïvoid interfaces in the xy-plane around the particle center were then defined as 

the first and second maximum of the linear intensity profiles from the respective particle 

center to the surface of a virtual, enclosing circle in the gradient image, resulting in a tem-

porary core and particle diameter. Assuming good sphericity of the particles the three-

dimensional interfaces of the particleôs core and shell were finally detected by extrapola-

tion of the temporary spherical diameter to neighboring slices and shifting the particle bor-

der to the brightest pixel of the gradient image in close vicinity. 

Only spherical particles with captured particle center are accurately reconstructed. 

Thus, two nonspherical pieces of silica material contained in the image stack were seg-

mented manually. Additionally, the image stack was cropped by 1.5 µm in the dimensions


