Experimental Analysis and Reconstruction of
the Morphology of Particulate andMonolithic
Chromatographic Beds

Dissertation

zur
Erlangung des Doktorgrades
der Naturwissenschaften
(Dr. rer. nat.)

dem

Fachbereich Chemie

der PhilippsUniversitat Marburg
vorgelegt von
Dipl.-Chem. Stefan Bruns
aus Hannover/Niedersachsen

Marburg an der Lahn 2013



Vom Fachbereich Chemie der Philippsiversitat Marburg (Hochschulkennziffer: 1180)
als Disertation angenommen a@t.10.2013

Erstgutachter: Prof. Dr. Ulrichallarek

Zweitgutachter: Prof. Dr. Andreas Seubert

Tag der mindlichen Prufung4.10.2013



Die vorliegende Arbeit wurde in der Zeit vdani 2009 bis August 2013 aRachlereich
Chemie der Philipp&niversitat Marburg unter der Leitung von Herrn Prof. Ditich

Tallarek angefertigt.

In den folgenden Artikeln wurden Teile dieser Dissertation bereits veroffentlicht:

Bruns, S.; Millner, T.; Kollmann, M.; Schachtner, J.; TallarekAbal. Chem.201Q 82,
6569 6575."Confocal Laser Scanning Microscopy Method Quantitative Charactere-
tion of Silica Monolith Morphology"

Bruns, S.; Tallarek, Ul. Chromatogr., 2011 1218 1849 1860."Physical Reconsti+
tion of Packed Beds and their Morphological Analysis: Gsirell Packings as an Ena

ple".

Bruns, S.; Haa, T.; Smarsly, B. M.; Tallarek, U. Chromatogr., 2011, 1218 5187
5194."Morphological Analysis of Physically Reconstructed Capillary Hybrid SilicadAon

liths and Correlation with Separation Efficiency”

Bruns, S.; Grinias J. P.; Blue, E.; Jorgensonl. W.; Tallarek, UAnal. Chem2012 84,
4496 4503."Morphology and Separation Efficiency of L@speciratio Capillary Ultra-
high Pressure Liquid Chromatography Columns”

Bruns, S.; Stoeckel, D.; Smarsly, B.; Tallarek, U.J. Chromatogr., 2012 1268, 53 63.
"Influence of Particle Properties on the Wall Region in Packed Capillaries”

Bruns, S.; Holtzel, A.; Tallarek, WC-GC North Am2013 31, 486 493."Morphological
Comparison of Silica Based Monolithic and Particulate Beds by Confocal Laseriggann

Microscopy"

Bruns, S.Franklin, E. G.Grinias, JP.; Godinho, JM.; Jagenson, J. W.; Tallarek, U.
Chromatogr., 22013 submitted:'Slurry concentration effects on bed mpbology and

sepaation efficiency of capillaries packed with s@lbmicronparticles".



Danksagung

Danksagung

Ohne die Unterstitzung anderer Leute ware diese Arbeit nicht mdglich gewesen. Mein
Dank gilt deshalb allen, welche in den letzten vier Jahren mit mir gearbeitet undmich u
terstitzt haben. Ganz besonders gilt dieses naturlidAr&ir Dr. Ulrich Tallarek, welcher
mir auf seinem Forschungsgebiet ein spannendes und abwechslungsreiches Thema in e
nem interdisziplindren Feld zur Verfugung gestellt hat. Ich danke ihm fur die gewahrten
Freraume und die Mdéglichkeit groRe Teile meinergeungsarbeit nach Frankfurt hin zu
meiner Lebensgefahrtin Wiebke Reiche auszulagern. Ich freue mich die Zeit dort mit ihr

verbracht haben zu kdnnen.

Es freut mich besonders, dass mit Prof. Dr. Andreas Seubert das Zweitgutachten von
einem Professor tbeymmen wird, welcher mich bereits in meinen ersten Studienjahren

als Mentor betreut hat.

Meinen Kollegen gilt Dank fur eine Arbeitsatmosphare, welche motiviert morgens ins
Labor zu fahren. Die weltweiten Dienstreisen, die wir zusammen unternommen haben,

sind Erfahrungen gewesen, welche ich nicht missen méchte.

Der Arbeit meiner Kooperationspartner ist es zu grof3en Teilen zu verdanken, dass
komparative Studien entstehen konnten, welche internationale Anerkennung gefanden h
ben. Fir zahllose Silikamonolithesanke ich Dr. Takeshi Hara. Daniela Stoeckel und
Jamed?. Grinias danke ich fir die Zeit, welche sie in das Packen und die
chromatograpische Charakterisierung von gepackten Kapillaren gesteckt haben. lhren
Doktorvéatern ProfDr. Bernd Smarsly und Prof.rDJamesW. Jorgenson danke ich, dass

sie diesesrendglicht haben.

Dankeschomnd "thank you very much™!



Table of Contents

Table of Contents

[ ZUSAMMENTASSUNG ...ttt ieei bttt e e e e e emer e e et e e e e e e e e e e e e e e e e s s ammneaeeeeean 1
LR 0 1] (= T 7
L g (oY 11T 1o 13

Chapter 117 Confocal Laser Scanning Microscopy Method for QuantitativeCharac-

terization of Silica Monolith Morphology ............eveieiiiiiii e, 20
0 I T e Yo [T 1o T o PRSPPI 20
1.2 EXPErimENtal SECHOMN. .....ciittiiiiie ittt ettt e et e s e e s s beenab b e e e e e e nnreeas 23

1.2.1 Chemicals and MaterialS.............cueeiiiiiiireeie e 23
1.2.2 Column PretreatMent.........occceiiiiiiiiieees sttt ee e e s ssnest e aeeeereeeeeeeeeessnaneeeeeeees 23
1.2.3 IMAGE ACQUISTEION. ...ceiitiiiiee ettt ettt et e e e et eeeeme e e e e e enneees 25
1.2.4 IMAQJE PrOCESSING . . ceeieiiitiiieeeeiitieeet ittt e e e sttt e e e st e e eabb et e e e e s s aabbe e e e e e s sbbeeebbreeeeesaan 25
1.2.5 IMAQJE ANAIYSIS.....eiiiieiiiiiiiie ettt e e e e e e 26
1.3 RESUIS @NU BCUSSION. .....ciiiiiiiiii ettt e s eeenre e e e e s e 27
1.3.1 Column PretreatMent.........cccceiiiiiiiiieees sttt er e e s ssseseeeb e eeeeeereeeeeeeeeesseaeeeeeeees 27
1.3.2 IMAgE ACQUISTEION. ...ceiitiiiiee ettt ettt eere e e et e e e e e st e e eeeme e e e e e e 27
1.3.3 IMAQYE PrOCESSING. . ceeiiiiitiiiieeeiitieeet ettt ettt e e et e e e bbbt e e e e e s sabbeee e e e s sb e e eabbbeeeeeeaae 31
1.3.4 StatiStICAl ANAIYSIS. . .uuiiii e i e e e arae s e e e e e e e e e —————————— 32
1.4 CONCIUSIONS.....eeeieiiiitei et et e ettt e ettt e e e e e e et e e e e e s kb e et e e e s e s e e et e e e e e e e esrneeeeeesnanrenea 36

Chapter 27 Physical Reconstruction of Packed Beds and their Morphological Angi

sis: Corei Shell Packings as an Eample ... 42
2.1 INTFOTUCTION.......eeeeeee ettt ettt ettt e e s rme et e e e sttt e e s rmmee s e n et e e e s nnnnnn e e e e s nmnned 43

A (=1 10 1= g1 PRSPPI 46

2.2.1 Chemicals and MaterialS............ccuueeiieiiiiemiiiiiiiiee e eeer e seeen o 4O

2.2.2 COlUMN PreParatiOn........cooiiiiiieiiitieeee ettt eeeeeaaaasssebbebbsseeeeeeeeaeaeeeaeasseneseeees 46

2.2.3 IMage ACUISILION. ....iiiiiiiiiiieeeiceeeeeii bttt eee et e e e e e e e eeetse e eeeeaeaaaaaeeeeseesssmmmeeeneaaeeee AT

2.2.4 IMAJE PrOCESSING.....ceiiiiiiiiiiiiteeee ettt e e e e aaab bbbt e bbe e e e e eeeeeaaasebsseeeeeees 48
2.2.5IMAGE ANAIYSIS. ..ottt eea bbbt e e e ettt e e e eeeb et b e e e eeaaaaaaas 52



Table of Contents

2.3 RESUILS @Nd DISCUSSION.......iitiietieeiiiitieeeti it e e e e sttt e e e et reet e e e e e e s b e e e e s s an b enanrreeeeeaannnnes 54
2.3.1 Accuracy Of the RECONSIIUCHIQN...........uuiiiiiiiieeeii et 54
2.3.2 MOrphologiCal ANGIYSIS.........eeiiiiiiiiiiiit ettt eeeee s 59

2.3.2.1 Size Distribution FUNCHIONS........cooiiiiiiiiieiieeeiieee e ee e 59
2.3.2.2 COlUMN POFOSILY. ...teteeeeiiiitiietee e ieeer ettt e e et e e e e e e s sieee s 59
2.3.2.3 Chord Length DistributionsS. ...........cuuiiiiiiiiiiiccciiiiiieeeec e 65
P N @ o] g T U1 T L PP PRR 68

Chapter 317 Morphological Analysis of Physically Reconstructed Capillary Hbrid

Monoliths and Correlation with Separation EffiCiENCY ..., 75
I 700 R 11 o o [F o3 1o o FA TP PP PP PP PR P R RRORIN 76
3.2 EXperimental SECHON...........uuiiii e ceeece e s e e e e e e e e e e rnae e e et e e e aa 79

3.2.1 Chemicals and MaterialS............ueeiiiiiiiiiiceeiiiiieiieecie e e e e e snnnineee e D
3.2.2 Chromatographic Separation EffiCieNCY...........ccuvviiiiiiiemniiii e 79
I T2 B = o T30 A oo (1= 1 o o 80
3.2.4 Image Processing and ANAIYSIS........ccoviiiiiiiiiiiimmreiiiiiss e e e e e e e e e s eerne e e e e e e e e eeenrenn 81
3.3 RESUILS ANU DISCUBSEI .......eeeiiiiiiiiieeeee ettt eee e e e e e e et r e e e e 83
3.3.1 Chord Length Distribution FUNCLIOMS. ...........cuieiiiiiiieeeiiee e 83
T J2 A o =T (0T 11Tl o111 Y/ 84
3.3.3 Transchannel EffECLS.........oooiiiiiiiiiee e ee e 86
3.3.4 Shortrange Interchannel EffeCLS........coieiiiiiiiiiieeeee e 87
3.3.5 TranscolUMN EffECES.....oiiiiiiie e e e e 90
R 20 @0 o Tod 11 T 1= RS 92

Chapter 47 Morphology and Separation Efficiency of LowAspectRatio Capillary

Ultr ahigh Pressure Liquid Chromatography ColumnsS........cccoeeeeeiiiiiiiiieeen e, 97
o [ g1 oo [N od o] o PP TP PP PRPP PPN 98

4.2 EXPErMENTAl SECHION. ... .uuiiiiieiiiiie ittt e e e st b e e seee e e e nnnnee s 100

4.2.1 Preparation and Analysis of Capillary UHPLC Columns.............cevveviiiaeciuiiieneeeeeen. 100

4.3 ReSUILS ANd DISCUSSIQN.......eetiiiiiiriiiiteiamte sttt e st e e ssmt e e st e e s s e e e s enmr e e e e nnnes 102

4.3.1 Separation Efficiency of CapillatHPLC Columns.............ceuvviiiiiiiiieeeiiiiiiieieeeeeee 102

4.3.2 Transcolumn Porosity ProfileS..........oo e 107

4.3.3 Particle Size Segregation EffECtS..........iiiiiceiiiieii e 112



Table of Contents

N @ o o 11 ] (o] £ PP PRR 114
4.5 Supporting INfOrMatioN...........ooiii i e ee e e 115
4.5.1 Chemicals and MaterialS............coooiiiuiiiieeeiiie i ereie e 115
4.5.2 Preparation of the Capillary UHPLC ColumNS..........cooooiiiiiiiieee e 115
4.5.3 Chromato@phiC ANAIYSIS........cccciiiiiiiiiiiieeeeeese e e e e e s e eeenrae e e e ereeraaaaaaeeeeesaann 116
4.5.4 Microscopic Imaging of Packing MIiCrostructure..............cccccvvvimemneeieeccccnneinevnnee 117
4.5.5 IMAQGE PrOCESSING ....ciiutteeieeiiittit ettt e e e s ettt e e e st eeeese e e e e e s asbbee e e e e s abbesenenreeeeesaane 119
4.5.6 IMAGE ANGIYSIS. ... .eiiiiieeiiiiii ettt et et e e st et s 124

Chapter 571 Influence of Particle Properties on the Wall Region in Packed

(O o] ]| F= T4 =SSP 129
L0 A 1 o o (1 T4 1o o PP PUPPRRR 130
5.2 Eddy Dispesion in Packed CapillariEs............cuieiiiiiiiieeeeeee et 133
5.3 EXPEriMENtAl SECHON.......ciiiiiiiiiiiii ettt et e et e e e e s rmne e sbbre e e e e e 136

5.3.1 Chemicals and MaterialsS.........ccccuuuuriiiiiieeeiiiiiiieieeee e e e e s eeeereer e e e eeeaaeeeeeeeennees 136
5.3.2 Slurry Packing of CapillarieS...........evieiiiiiiiiieeece et 136
5.3.3 Chromatographic Characterization..............ccuueeiiiieecee i 137
5.3.4 MIiCrOSCOPIC IMAGING. .. ..tteeeeeeiiiiieiee et retee ettt e e ettt e e e e rmeee st e e e e s asbbb e e e e e s rmneesanees 138
5.3.5 Image Processing and Capillary ReCONSONCL..........cccooeeiiiiiiiiiiiee e 139
5.3.6 MOrphological ANAIYSIS.......cciiiieiiiiieeee e e e e e e s e e e e e e e e 142
5.4 ReSUILS aNd DiSCUSSIQN....ccciiiiiiiiiieii ettt ettt e e e e aeaeeee 144
5.4.1 PArtiCle PrOPEITIES......cciiiiiiiiiiii ettt e e e ee e saabae s 144
5.4.2 POre SCalE PrOPEITIES.......uuiiiiiii i i e e e e e ceeee e e et st a e s e e e e e e e e e e eeastneneeeaees 148
5.4.3 Transcolumn Porosity ProfileS............uuuueiii e 149
R 0] o [od [1 17 o] o L ST PUPPPP PP TP POt 156

Chapter 617 Morphological Comparison of SilicaBased Monolithic and Particulate

Beds by Confocal Laser Scanning MIiCrOSCORY..........couuiiiiiraiiuiimeeee e e 160
Lo (oo [F 1 i o o D OO P OO PP PP PPRPP 160

6.2 EXPEIMENTAL ... ..uutiiiiiiiiiiii ettt et e et e e e e e e e e e e e e e e s ammmt e e e e e e e e e e e e e e e naanreaes 162

6.3 RESUILS @Nd DISCUSSION......uveiiiiiiiiiiiiieiemee ettt e e st e e semr e e s e e e e s e e e s enmr e e e e nnnes 164

6.3.1 POreSCale ProPeItIES...cccoiiiii it 164

6.3.2 COlUMIMSCAIE PrOPEItIES. ... .uuiiiiiiiiiiiiii ittt 168

6.4 CONCIUSIONS. .....eeeeeeiitieee e e et e ettt e ettt e e e s e e et e e e s s st e et e e s s ame e st e et e e s s nnn e e e e e e s nnnes 171



Table of Contents

Chapter 771 Slurry Concentration Effects on Bed Morphology and Separation Eff

ciency of Capillaries packed with Suk2 Micron Particles.........cccooeviiiiiieiiiiiieeeeenn. 175
4% 1 1 o Yo (1T i o T o H TP 176

A7 = o = 1421 | = SO 178

7.2.1 Chemicals and MAterialS............cuuuvieieiiiieeeiiiiiee e ee et e e s nnee s 178

7.2.2 Preparation of Capillary UHPLC COIUMNS.....ccccovvieeiieiiii i eeeee e 179

7.2.3 ChromatographiCIBIYSIS. ......ueviieiiieieeee et rmnr e e 179

7.2.4 Imaging of Packing MICrOSIUCIULE..........cccoeiiiii i eeee e 180

7.2.5 Image Restoration and Capillary ReCONStruCtian.............cooocvvieeeiireeeniiiiieee e 182

7.2.6 RECONSIIUCHION ANAIYSIS.....ceiiiiiiiiiiieeeiieeeii et e e st e e s saeee s 183

7.3 RESUILS AN DISCUSSIQ. .. ..uuveriiiiiiiiieiieeeeetirtieeieeereeteeaeeeeeessassrereeetaaaaaaeeeessesassaamnraaaeeeesees 184

7.3.1 FUlly POrouUS PartiCleS.........oovviiiiiiiii s eeeee e e et e e e e emnnn s 184

7.3.1.1 Kinetic Separation EffilCiENCY..........cuviiiiiiiiiiiieeiie e 184

7.3.1.2 Packing Density and Radial Heterogeneity.............cccceeeivcceeiiniiiere e, 187

7.3.2 COr@Shell PartiCles........cccceiiiiiiiiiiieeee e s sttt e e e e e e e e e aee e e s seanneeeeees 190

T4 CONCIUSIONS. ....ceeiieeie et et e e oo e bbbt e e e e babb bbb e s beeeeeeeeeeanns 193

YR @ T 111 [ 198
CUITICUIUM VITAIE .ttt e ettt ettt e e e e e e e e e e e s e e s e ammt e e e e e e e e e e s aa s e e e nnnbnbnaeeee e e s 201
LIS o) U o] 1= o = OSSP 202
= = LU oo =T o B PP OO PPPURTRPPPPPPRT 206

vii



Zusammenfassung

|. Zusammenfassung

Die vorliegende Arbeit basiert auf den Grundlageelche durch die vorangegangene
Diplomarbeit"Dreidimensionale Rekonstruktion monolithischer Festphasen mittels-konf
kaler Lasermikroskopiegeschaffen wurdeifl]. Sie beschéatftigt sich mit der Erfassung
dreidimensionaler Bilddaten von Chromatographiestute Kapillarformat sowie deren
Rekonstruktion und Auswertung im Hinblick auf die dispersiven Eigenschaften derTren
sallen. Ein besonderer Schwerpunkt liegt hierbei auf der Charakterisierung von radialen
Heterogenitaten. Diese tragen in der UHPLC zu eif@ofdteil der dispersiven Signalve
breiterung bei und sind deshalb von besonderer Bedeutung bei der Entwicklung von
Chromatographiesaulen verbesserter TrenneffiZ@hDie dreidimensionale Rekonskru
tion ist zudem ein wichtiges Hilfsmittel um den Eirstuvon Prozessparametern im Rac
prozess bei der Darstellung von partikularen Saulen aufzuklaren und kann als Mddellstru
tur fur die numerische Simulation der Hydrodynamik in diesen Strukturen dienen. Die in

den einzelnen Kapiteln behandelten Thematikeenskier nachfolgend zusenengefasst:

Kapitel 1 setzt sich mit der Entwicklung eines Probenaufbaus auseinander, welcher die
reproduzierbare und prazise idlienensionale Erfassung vailicabasiertetonolithen im
Kapillarformat mittels konfokaler Lasermidskopie ermdéglicht. Es wird eine zweistufige
Oberflachenmodifikation zur Fluoreszenzaktivierung eines unmodifizierten
Silicamorolithen (Chromolith CapRod) vorgestellt. Hierzu wird die Oberflache desoMon
lithen amniert. Anschliel3end werden die so eingehtan Aminofunktionen mit einem
Succinimdylester des Fluoreszenzfarbstoffs V450 gekoppelt. Das Kapitel beschreibt einen
Probaaufbau fur die Mikroskopie, welcher es ermdglicht Aberrationen zu minimieren.
Dieses wurde umgesetzt indem der BrechungsindexEudrettungs und Immersionsie-
dium an den Brechungsindex von Quarzglas angepasst wurde. Unter Annahme der
Additivitat von optischen Aberrationen konnte so durch den Einsatz eines verdinnten
Deckglases die Aldsung im Exgriment nahe an das Beugungslimibgecht werden. Die
Bilddaten wurden durch eine Entfaltung restauriert und zwecks quantitativer Bildanalyse
mittels Hochpasdiier in einen bindren Datensatz uberfiihrt. Ausgewertet wurde dia-Pore
groRBenverteilung anhand von Sehnenlangenverteilungen, welicteesVergleich mit -

ten von Courtois et a[3] ermdglichte. Diese hatten zuvor bereits Aufnahmen van ve
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gleichbarem Material mittels Transmissionselektronenmikroskopie gemacht undhmit Se

nenl&angenverteilungen sgewertet.

Kapitel 2 stellt eine Erweiteang der Messmethode auf partikulare Festbetten dar. Di
ses geschieht anhand einer beild@ftien Rekonstruktion einer 100 um i.d. Kapillarsaule,
welche mit Kinetex CoiieShell Partikeln gepackt wde. Eine wichtige Verbesserung im
Probenaufbau im Vergleichu Kapitel 1 ist hierbei der Einsatz einer ternaren Mischung
aus Glycerol, Dmethylsulfoxid und Wasser zur Anpassung des Brechungsindexes von
Quarzglas, welche die wellenlangenabhéngige chfisome Dispersion mitbertcksichtigt.

Da die Signalintensitat inVerlauf einer mikroskopischen Messung haufig deutlicthnac
lasst, wurde die Bildverarbeitung um eine tiefenabhangige Korrektur der Signalintensitat
erweitert. Im Gegensatz zu monolithischen Medien, kann die Rekonstruktion im Fall von
gepackten Festbettaimter der Annahme der Spharizitat der Partikel erfolgen. Das Kapitel
beschreibt, wie die einzelnen Partikel mittels Bandbreitenfilter lokalisiert und deren
Durchmesser abgeschatzt werden koénnen. Es werden eine Visualisierung von
Packungsdekten sowie radile Porositatsprofile eingeflihrt. Letztere ermdglichten es zwei
Wandéfekte in der Packung zu visualisieren. Zum Einen ist dieses der notwendige ge
metrische Wandeffekt, welcher seine Ursache darin findet, dass feste spharische Partikel
nicht mit beliebige Dichte gegen eine feste Wand gepackt werden kofffjeie Real
sierung einer zufallig dichten Packung ist in den ersten, an der Saulenwand angelagerten
Partikdlagen also nicht mdglich. Der zweite beobachtete Wandef¢kticht in jeder
Partikdschutung zu finden. Fur die Cor8hell Partikel wurde eine Heterogenitat in der
Porositat beobachtet, welche sich von der Kapillarwand aus nach einem Poros#tatsmin
mum 45 Partikeldurchmessedy) von der Kapillarwand aus bis zu ~1@gtief in die

Saule estreckte. Die Auswertung des Partikelzwischenraums erfolgte erneut anhand von
Sehnalangenvertdungen. Hierbei wurde festgestellt, dass die Verteilungsfunktion durch
eine k-GammakFunktion beschrieben werden kann, welche bereits bei der Beschreibung
von Voronoi VolumenVerteilungen verwendet wurdé&i 7]. Die zwei Parameter dés
GammaFunktion beschreiben die mittlere Sehnenldnge und deren Dispersion. Da Letztere
vorwiegend durch langere Sehnen bestimmt wird, welche sich Giber mehrere Durehflussk
nale erstreodn, folgt, dass die Parameter als Deskriptoren fur die TranscHaispelrsion

und Shortrange Interchannddispersion nach Giddind8] herangeagen werden konnen.
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Eine Anwendung derk-GammaFunktion wird in Kapitel 3 gezeigt. EIf
Silicamorolithen in 100um i.d. Kapillaren, davon einer Ci8odifiziert wurden hinsich
lich ihrer Trenneffizienz und der dazugehdrigen Dispersionsbeitrage ausgewertst. Tran
channel und Shoriange InterchanndBeitrage werden durch dieGammaFunktion der
Sehnenlagenverteilungoeschrieben. Der TranscolurBeitrag wird durch radiale Pories
tatsprofile und die lokale Porengrtf3e abgedeckt. Es zeigte sich, dass die Trenneffizienz
primar mit der PorengroRe skaliert. Monolithen welche diesem Verhalten nicht folgten
zeigten UnegelmaRgkeiten in ihrer radialen Struktur. Diese &ufRerten sich in eineh-erh6
ten Poositat oder Porengrol3e in der direkten Umgebung der Saulenwand. Da der Monolith
in der Kapilare hegestellt wird und bei der dabei erfolgenden Kondensationsreaktion die
Strukturzwangsweise schrumpft, fand sich der Grund fiir diese Heterogenitéten ik einze
nen von der Sdulenwand abgeldsten Monolithstrédngen. Diese Strange haben derlstrukture
len Spanung nicht standgehalten, welches ein grundlegendes Problem bei der Herstellung
von Kapillarmonolithen aufzeigt.

Eine erste Studie zum Einfluss von Packparametern auf die Trenneffizienz @nd Bet
struktur von gepackten Saulen wurde mit Kapitel 4 durchgefiihrt. Ausgewertet wurden
sechs Kapillarsdulen mit variierendem Innendurchmesser viorb1n. Weitere Packap
rameter wurden hierbei moglichst konstant gehalten. Gepackt waren die Kapillaren mit
Cl8modifizierten 1.7um Acquity BEH Partikeln. Es zeigte sich, dass mit steigendem
Innendurchmesser der Kapillaren die Trenneffizienz deutlich abnBineses kann nicht
aleine durch die Geometrie der Saule, d.h. die grol3ere transversale Diffusionslange tber
den Saulenradius, erklart werden, weshalb eine Verénderung in der Morphologid-des Be
tes vorliegen musste. Das Kapitel zeigt ausfuhrlich, wieCdi@ modifizierten Partikel mit
dem Fluoreszenzfarbstoff Bodipy 493/503 durch Adsorption angefarbt und in dea-Bildd
ten lokalisiert und rekonstruiert werdennké&n. Zudem wurde die Bildverarbeitung um
eine Korrektur des Photonenrauschens und potentiellirder Saule wahrend der Me
sung erweitert. Es zeigte sich, dass mit steigendem Innendurchmesser der Saulen die
Packungsdichte in der Wandregion deutlich abnahm. Die verringerte chromatographische
Effizienz lasst sich folglich erneut durch einen vergrédsei ranscolumiBeitrag zur -
dy Dispersion erklaren. Zusatzlich wurde beobachtet, dass dikdRgnd3enverteilung
Uber den Saulenquerschnitt keineswegs als konstant angesehen werden kann. Eine im Ve

gleich zu anderen Saulen verringerte Trenneffizieng gleichermalien auch immer mit

3
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einer GroRensegregation der Partikel einher, wobei die Wahrscheinlichkeit kleinére Part
kel in der Nahe der Sauieand zu finden erhdht war.

Kapitel 5 beschreibt eine Studie mit vergleichbarem Ansatz. Sechs verschiedene
Patikelsorten wurden hierbeinter gleichbleibenden Bedingungen in Saulen von 160
I.d. gepackt. Betrachtet wurden vollporése 3 pm Atlantis, 3 um Luna ungn3.5Borbax
Patikel sowie 2.7um Halo, 2.6um Kinetex und 2.%um Poroshell Partikel reprasentativ
fur Cord Shell Materialien. Letztere zeigen aufgrund ihrer abweichenden Produktion eine
weitaus engere PartikelgroRenverteilung als vollpordse Partikel, welches haufigals Urs
che fur eine homogenere Packungsstruktur und daraus resultierenden hervonragende
Trenneffizienz dieser Materialehq{, < 1.6) vermarktet wird. Es werden Besonderheiten,
wie Agglomerate und Defektpékel, welche sich in den Packungen der verschiedenen
Partikeltypen finden, dkutiert. Leitende Fragestellung fur die Studie war jedatiCoré
Shell Partikel tatsachlich eine homogenere und dadurch effizientere Packungsstisktur au
bilden als vdiporése Materialien. Zuvor hatten Simulationen unserer Arbeitsgruppe bereits
gezeigt, dass bei Annahme einer Chatbgraphiesaule unendlichen [RBbmessers die
chromatographischen Effiziegewinne, welche durch eine enge Partikelgro3enverteilung
von RSI= 3.4% gegenulber einer Packung aus Partikeln mit einer Partikelgrof3enverteilung
von RSI=25.3% erreicht werden, in der chromatographischen Praisaghlassigbar
sind[9]. Die Rekmstruktionen bestatigen dieses Ergebnis. In der Hauptmasse der Saule
waren @rei Shell Materialien mit Hilfe de Auswertung der Sehnenlangenteilungen
nicht von vollprosen Materialien zu unterscheiden. Das Kapitel zedpch auch, dass
die Packungsstruktur dieser beiden Partikeltypen in der Wandregion einer Saule-grundl
gend verschieden ist. Wahrend Atlantis, Luna und Zorbax Partikel eine gegenuber der
Haugmasse der Séule erhdhte Porositat in der Wandregion der ®&yda £05 d, von
der Saulenwand entfernt), ist die Porositat von Halo, Kinetex und Poroshell Partikeln hier
verringert. Bei den Cor&hell Materialien findet sichenachbart zur direkten Wandregion
(0 5 dp) eine Ubergangsregiofdi 10dy) in der sich diedkale Porositat der Porositat der
Hauptmasse annadhert. Die Packungen der vollpordsen Partikel zeigen hier bereiis eine z
fallig dichte Packung. Gezeigt wurde dieses Uber die von der Porositat der Hauptmasse
abweichenden Integralflachen im radialen Portspt@fil, welches Integral PorosityeD
viation (IPD) genannt wurde. Das Kapitel zeigt, dass die Wandeffekte in Packungen von

vollporésen Materialien einen grof3eren maximalen Unterschied in der lokaleneFliel3g
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schwindigkeit des Eluenten verursachen als Pagduo von CoreShell Partikeln. Jedoch
erstrecken sich die Wandeffekte im letzteren Fall Gber einen gré3eren Bereich das Saule
volumens, weshalb herausragende Effizienzen mitiGtrell Partikelsaulen derzeit fast

ausschlieRRlich in Saulen mit einem Innendumesser> 1 mm zu finden sind.

Eine Aussage, welche sich haufig in den friheren Kapiteln der Arbeit findet, ist, dass
der bildgebende Ansatz der Rektruktion von Chromatographiesaulen einen Vergleich
von partikelbasierten Chromatographiesaulen und titbischen Saulen ermdglicht. &i
ses wird in Kapitel 6 durch einen Vergleich eines Silicamonolithen und einez jgub
Partikelpackung in 2Qm i.d. Kapillaren gezeigt. Die Studie wertet die Mikrostruktur der
Saulen im Hinblick auf TranschanrelShortrange hterchannel und Transcolumn
Dispersion mit Hilfe der zuvor eingefuhrten Deskriptoren aus. Es zeigt sich, dasstMonoli
hen das Potenzial haben weitaus homogenere Strukturen auszubilden als
Partikelschittogen. Jedoch ist der TranschanBeitrag in derderzeit verfigbaren mon
lithischen Medien noch weitaus hoher als in partikularen Betten. Dieses ist in der Grol3e
der Durchflusporen begriindet. Das Ziel der Monolithpreparation muss es folglich sein die
Struktureémente des Materials weiter zu verkleinelme dabei die Homogenitat desM
terials zu verringern, wahrend Partikelpackungen das Ziel haben missen Waedbffekt

zuschwvéchen.

Kapitel 7 nimmt die Ergebnisse aus Kapitel 4 noch einmal auf und zeigt, wie die Ko
zentration der beim Packprozessgeisetren Partikelsuspension die Mikrostruktur einer
Chromatographiesaule beeintrachtigen kann. HierzidevuKapillaren mit Suspensionen
unterschiedlicher Partikel (0.9, 1.5 und fuid Acquity BEH sowie 1.um Kinetex Paiit
kel) und Konzentrationcf) gepackt ud hinsichtlich ihrer Mikrostruktur und chratogra-
phischen Effizienz ausgewertet. Es zeigte sich, dass die Grél3ensegregationikiel Part
welche bei Suspensionen naig< 1% auftritt, beics = 2% 10% unterdrickt werden kann.
Die Effizienz der Saulen verbserte sich dadurch v, & 2.0auf hyin & 1.5. In den Sé-
len, welche mit Kinetex Partikeln gepackt wurden, ist eine Grél3ensegregationtdes Pa
aufgrund der engen PartikelgroR3enverteilung nicht méglich. Dennoch wurden hidy-mit h
herencs Verbesserugen der Effizienz babachtet. Um die Messunsicherheit, welche mit
der Bestimmung der Partikelgrof3e einhergeht zu eliminieren erfolgte esneeAung der

lokalen Partikelabstande. Hierbei war zu erkennen, dass die beobachtete Effigenzste
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rung einer Vertthtung der Packungsstruktur an der Saulenwand zuzuordnen ist. Der
Nachteil hoherer Suspensionskonzentrationen zeigte sich in einer erhéhten Anzahl an
Packungsliicken, sowohl bei vollpordsen, als auch beiiGirell Materialien. Das Kapitel
unterstreicht nch einmal das Potential der kombinierten Andieng von mikroskopischer
Rekonstruktion und makroskopischer chromatographischen Effizienzmessungen. Es zeigt,
dass das Packen von Kapillaren steigenden Innendurchmesser eine Erhohung der Suspe
sionskonzentratio bedarf. Diese sollte so hoch gewahlt sein, dass eine GréRensegregation

der Partikel unterdriickt wird, die Zahl der Packungsliicken jedocimral bleibt.
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Abstract

[l . Abstract

This work is based upon the fundamentals that were introduced by the prededing d
ploma thesis "Dreidimensionale Rekonstruktion monolithischer Festphasen mittels
konfbokaler Lasermikroskopig[1]. It is concerned with the acquisition of thigienensional
image data of chromatography columns in the capillary format as well as their reconstru
tion and analysis in view of the dispersive properties of the separation column. Key aspect
in the characterization are radial heterogeneities because in UHIREE heterogeneities
contribute in large part to dispersive band broadefthgrheefore, radial heterogeneities
carry a particular significance in the developm&inthromatography columns ahproved
separation efficiency. Additionally, the thrdemensional reconstruction of stationary
phase support material can aid to shed light on the influence of proces&tpesamthe
slurry packing process or be used as a model structure for benchmark simulatians in co
putational studies ofyldrodynamic dispesion. Consecutively, the subjects that are covered

in the individual chapters of this work are being siamnped:

Chapter 1 deals with the development of a sample setup for the reproduciblewand acc
rate threedimensional recording of siliebased capillar monoliths via confocal laser
scanning microscopy. It presents a i8tep surface modification of unmodified sdic
monoliths (Chromolith CapRod) that allows for fluorescence activation. This is achieved
by aminating the surface of the monolith and coupla succinimidyl ester of the dye
V450 to the introduced amino functions. The chapter describes a sample setup fer micro
copy that enables the minimization of aberrations by matching the refractive index of e
bedding and immersion medium to the refracthaex of fused silica. Assuming additivity
of optical aberrations, the introduction of a thinner than standard cover slip allows for e
perimental resolutions that are close to the diffraction limit. The image data thatearere r
orded from the monolith wereestored by deconvolution and segmented into a birary d
taset for quantitative image analysis. The pore size distribution of the monolith's
macropores was evaluated gpichord length distributions. This enabled a comparison
with data ecorded by Courtoi®t al.[3] who already made recordings of a comparable

material via transmission electron miscopy.
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Chapter 2 extends the imaging method to particulate beds. This is represented by a r
construction of a 10Am i.d. capilary column packed with Kinetegord shell particles.
The sample setup in Chapter 1 is improved by using a ternary mixture composect of gly
erol, dimethyl sulfoxide, and water for refractive index matching of fused silica. TFhis a
lowed compensating for wavelength dependent chromaticrdispe Additionally, a depth
dependent correction for signal intensity was introduced. Opposed tolitmicnmedia
particle packed beds allow the reconstruction to be guided by the building unit of the stru
ture, i.e., the particle. The chapter describ@s dividual coréshell particles can be-
cated using a bandpass filtering technique. Their size is estimated assuming peefect sph
ricity of each particle. The reconstruction is analyzed by visualizing packing defects and
introduces a radial transcolunporosity profile that enabled identifying two distinct wall
effects in the bed. One is the geometrical wall effect that is caused by tHéyirahigid
particles to pack densely to a solid wdll. Thus, a random close packing in particle layers
nextto a confirement is not possible. The second wall effect observed cannot be found in
every particle packed bed. The dmbkell bed displayed minimal porosity
4i 5 particle diametersdg) in the column before slowly increasing to bulk porosity at
~10.5d, distance from the capillary wall. Again, the interstitial void space was characte
ized by a chord length distribution. It was realized that its distribution function cae-be d
scribed by &-gamma function that already had been used for the analysis of Vow@no
ume distributiond5i 7]. The two parameters of the function provide a measure for pore
size and poraizedispersion. Since the latter is predominantly determined by chords that
reach throughli 2 flow through pores it followed that these parameterddcbe used a
descriptors for transchannel and sharige interchannel dispersion as described loy Gi
dings|[8].

An application of th&k-gamma function is provided in Chapter 3. Eleven silicaagaon
liths prepared in 100 um i.d. capilies, one of them C18odified, were evaluated for
their chromatographic separation efficiency and micreosiral dispersive contributions.
Transchannel and shadnge interchannel contribution were describedk-gpmma fits to
the chord length distributions. The transcoluoomtribution was covered by radial pero
ty and pore size distniions. The chapter illustrates that the separation efficiency of silica
monoliths primarily scales with the macropore size. Whenever a monolith perfornred poo

er than its pore size suggestszhsoning could be found in irregularities of the radialkstru
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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 thelapiit is exposed to
stress fronstructural shrinkage dimg condensation. Stress is\eéed by single masiit h-

ic rods that snap offom the capillary wall. Thus, Chapter 3 outlines a fundamentdl-pro

lem that accompanies the preparation of capillary monoliths.

A first study on the ifluence of packing parameters on separation efficiency and bed
morphology of packed beds wagfeemed in Chapter 4. Six capillary columns of varying
inner diameter from 10 pum to 75 pm were evaluated while othéiimmparameters were
kept constant. Theapillaries were packed with CA8odified 1.7 um Acquity BEH pairt
cles. It was bserved that separation efficiency would drop with increasing capillary i.d..
This cannot be explained by the geometry of the column alone, i.e., an increassag tran
verse diffugon length overtie column radius. Hence, a chang the bed microstructure
has to be observable. The chapter discusses in detail how thedcilfied particles can
be stained by adsorption of thediescent dye Bodipy 493/503 and how they are localized
and recodructed from the image data. Surplus, the image processing procedur&-was e
tended by a correction for photon noise and I&ai drift during measurements. It was
shown that with increasing capillary i.d. the packing density in the wall regithre alapi
laries would drop considerably. Thus, again the loss in separation efficiency coud be e
plained by an increased transcolumn contribution to eddy dispersion. It was observed that
the patrticle size distribution could not be seen as a constamg derncolumn 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 waseased.

Chapter 5 illustrates a study with a comparageroach. Six different particle types
where packed with identical comnidns in capillaries of 100 um i.d.. The rgales were
fully porous 3um Atlantis, 3um Luna, and 3.pim Zorbax particles as well as uih
Halo, 2.6um Kinetex, and 2.pim Poroshellparticles representing carghell materials.
The ldter do have a patrticle 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 adviage that would yield more homogeneous beds to explain the
excellent separation efficiencies of;h< 1.6 that can be observed in analyticaluoons

packed with corieshell particles. The chapter discusses anomalies, like agglomerated part
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cles and dective particlesthat can be observed in the beds of these different particle
types. Guiding topic for the study was if ciosbell particles do in fact form beds of higher
homogeneity than beds packed with fully porous particles. Previously,afionslin 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 nra8bwf RS13.4% can be
neglected in chromatographic praxis when compared with the etficief a bed peked

with particles of a wide PSD (RSI125.3%)[9]. The reconstructia confirmthese fir-

ings since cofieshell materials were not distinguishable from fullbyqus materials using

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

the packing microstructure of these two particle types is fundathedifferent in the wall
region. While Atlantis, Luna, and Zorbax particles showraneiased porosity in the wall
region (at 05 d, distance from the capillary walwhen caonpared with the bulk of the
column, the porosity is decreased for Halo, Kinetex, and Poroshell packed beds.rAdditio
ally, coré shell materials displayed a transition regionl{d,) in which the local porosity
approaches the bulk porosity. Aighdistance in the ¢omn 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 thenaximal velocity inequalitiesf eluent flowthat can be expected in beds of
fully porous materials are larger than for dateell materials. Yet, the volume that isveo
ered by wall effects is larger for coskell packed beds. Thushe excellent separati
efficiencies observed with carghell particles are currently limited almost exclusively to

coaumns of >1 mm i.d..

A statement that can be found in earlier chapters of this work is that the imaging a
proach of chromatography columns enables an uribiasmparison of monolithic and
particulate stationary phase supports. Chapter 6 is dedicated to this by comparing a silica
monolith and a su2 pm packing in 2Qum i.d. capillaries. The study discusses the aiicr
structure of these columns with regard tonsehannel, shorange interchannel, and
transcolumn dispersion using the already establislesdrigtors. The chapter illustrates
that silica monoliths do have a more homogeneous structure than packed beds. Still, the
transchannel contribution in the cently 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 ofébenpmaterials,
whereas particulatpackings have to focus on dteauation of the wall effects.

Chapter 7 picks up the results of Chapter 4 and shows how the bed microstrudture is a
fected by the slurry concentratioty)(used in the slurry packing process. For this purpose
capillarieswere packed with slurries of varyingrpeles (0.9, 1.5, and 1{Im Acquity
BEH and 1.7um Kinetex particles) and concentration. The beds were characterized for
their separation efficiency and microstructural properties. The study showed thaigsize se
regaion of particles that occurs at< 1% can be suppressed@t= 2%i 10%. The eff
ciency of these columns was improved by this figga & 2.0to hyin & 1.5. For the capi
laries packed with Kinetex matak particle size segregation was not possitdeabse of
the narrow particle size distribution of these particles. Still, improvementsiaieatfy
were observable when was increased.d eliminate the uncertainty that comes with-est
mating the particle size the local distance of particles was discussed. This enablad to vis
alize that higher separation efficiencies can be explained by a densification of the bed in
the crucial wall regionThe tradeoff that higher slurry concentrations showed wasran i
creased nmber of packing gaps, both in fully porous and ¢shell packed beds. Once
again, the chapter highlights the potential of using microscopic reconstruction and-an ana
ysis of macrosopic separation efficiency comprehensively. It illustrates that tHergaof
beds of increasing inner diameter requires higher slurry concentrations. The concentrations
should be chosen to suppress particle size segregation while keeping the amaukt of p

ing gaps as small as possible.
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[1l. Introduction

The chromatographic characterization ofHPLC column is essentially li@d to bulk
parameters such @®rosity, permeability, peak shape, or most prominently separdtion e
ficiency. Frequently, shortcomings in separation efficiency are associated with begerog
ities in the bed structure but this is neither easily proofedmproved if the origins of
these heterogeneities remain unknown. Therefore, it is an essential requirement for column
technology and the fundamental understanding gifedision in chromatography to be able
to visualize and quantify microstructural featuires. separation column.

During the course of this work the chromatographic community experienced-a lan
slide development in particle techiogy. Commonly, a reduced plate height value in the
minimum of the plate height cunaf hnin & has been seen toqvide a bed packedoh
mogenously with fully porous particles. Now a new generation oficslrell particles was
released that allows for remarkably efficient baadh hyin < 1.6 (in the analytical column
format) [11 4]. Higher pressure instrumentation gav&e to UHPLC and enabled using
caumns packed with suBpum fully porous particles. Apresent columns packed with
1.3pm Kinetex coréshell particles constitute the smallest particles ever commercially
available in a clomatography columib].

Although heir development stalled for several years silica monolith based chigpmato
raphy columns have e$lsshed themselves as an alternative to particle packed beds in
small molecule separations providing high perbilggt and thus the capabilitpf high
speed gearations. Finally, in 2012 the Merck KGaA (Darmstadt, Germany) announced the
release of the ¥ generation of Chromolith columns named Chromolith HRgsolution.

With these columns B, & M is now achievablgs,7]. The reasons that allowed for
these seveximprovements in separation efficiency are a reduced pore size when compared
with the ' generation anén improved cladding procedure minimizing potential veid r

gion at the columirmonolith interfacg7,8].

All these developments in column technology moved the relevance of bed heterogene
ties in a renewed perspective. Misleadingly, it was speculated that the excellent perfo
mance of corieshell particles is based on their narrow jo#etsize distibution that allows
for a higher homogeneity in the bulk of the 8¢ Again, a higher radial homogeneity

seems a far more likely explanatifitO]. In a recent perspectiviy Gritti and Guiochon
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the transcolumn dispersion, which is caubgadolumn crossectional heterogeneities in a
packing, dominates the efficiency of partigacked beds with up to 70% of the totad-di
persion in UHPLC column.1]. Notably, the available UHPLC instrumentation is already
working at full capacity with theub2 um particle packed columns due to pressure émit
tions. Thus, the biggest potential in further plate height reduction can be found iwv4impro
ing the transcolumn homogeneity in pautate and monolithic beds alike.

Studies on columns in the analytifarmat have been able to characterize raditdrhe
ogeneities on the column scale via locally resolved elution profiles using-aalwonn
local electrochemical detectf2i 14]. Although only a handful of data points can ba-ge
erated over a column innéiameter (i.d.) of 4.6 mm by this method the measurements
already impressively demonstrated how the separation efficiency of a column isrdeteri
ed by the presence of wall effects, i.e., heterogeneities kingadensity that are induced
by the presencef a confining column wall. Such porosity biases directly transtdte
velocity biases in the mobile phase causing eddy dispersion and the awareness ef the rel
vance of transcolumn dispersion has led to developments that aim to minimize its impact
on searation efficiency, e.gthe parallel segmented flow tetque[15i 18].

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
qguantifyingheterogeneities in capillary columns; preferably on all the length scales that are
relevant to eddy dispersigh9,20] For this a straightforward and comprehensive approach
is to gereratean image of the bed microstructure itself and apply appropriatpholog-
cal descriptorgo 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 bedasiiaicture cannot be
localized accurately due to a lack of depth information. The minimum requiremeant for |
calization of structural features and quantitative characterization of the bptaotogy via
imaging are tweadimensional slices, e.g., images frdnansmission electron micsco-
py [21]. Apparently, threglimensional reconstructions of a column segment are evén pre
erable over twalimensional images because the available sample volume that cam-be cha
acterized is much larger and all morphologicabiniation 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 hearpho

gyi transport relationships that exist in a separation collkr2022 33]. They allow for
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an incremental variation of morphological parameters, like porosityisorder, 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 allriatationships between exper
mental packing paraeters and resulting bed morphology. This is especially critical when
wall effectsare to be consideredeven more model structures of monolithic media that
have been used for simulatiof®!i 36] lack a sounghysical background which provides
another reason to pursue thieensional reconstructisnof chromatography columns
These reconstructions can form an invaluable bridging element between the simulation of
hydrodynamic dispersion and experin@ndata They can serve to compute benchmark
simulations or provide a model structure of a monolith that can be expected to peavide r
sults that are far more reliable than simulations based on a model structure that assumes a
tetrahedral geometry for the naith.

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. Theeit preparation of sta
monoliths and paicle packed beds has always been a great secret among practitioners and
the industry. The effects of individual packing parameters on the bed morphology are poo
ly understood and seldom explored systematically. Again, this requirastitgtize
knowledge of the bed microstructure. Only controlled preparation conditions combined
with comprehensive knowledge of bed microstructure and macroscopic separation eff
ciencyallow deducing the impact of varying preparation conditions and calltfie three
dimensional reconstruction of a bed that has been prepared and characterizedoehromat
graphically.

From the pool of available methods for thdimensional image acquisition confocal
laser scanning microscopy (CLSM) was the first choice forghigect. 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 caplHPLC columns and sectioning
of a sample is péormed optically, i.e., mechanically invasive preparation steps that might
alter the mioostructure of the bed can be avoided.

As a matter of fact this thesis is not the first to apply CLSM to chromatagrayi
port material. Jinnai and emorkers[37i 42] already approached the formation process and

geometrical properties like pore shape and connectivity of custom prepared polymer and
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silicabased monoliths using thregmensional reconstructions acquireg GLSM. 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 trivés¢énPr
chromatographic support media show features on the size cltse reesolution apacities

of a confocal microscope requiring an optimized optical setup for accurate imagimng. Ho
ever, capillary columns do have a curved surface and are made of fused silicaewhich r
quires compensation because the refractive index ofl fsifiea deviates from the speeif
cations equired for a standard CLSM sample. The preceding diploma teHito this

thesis already explored the potential of CLSM for arcolumn characterization of cédpi

lary HPLC cdumns that formed the basis forghvork.

It is the scope of this work to establish a reproducible and robust method for three
dimensional imaging and reconsttion of capillary columns in a silica monolithic and
particulate layout. Chapter 1 and 2 are almost exclusively dedicated iottbésicing the
reconstruction and analysis of a tetramethoxysilaased monolithic and a column packed
with coréd shell particles. Later chapters deal with the application of the method to the
preparation of capillary HPLC columns and tleénement of norphological 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 chronolog
cally. In Chapter 3 the morplagy of tetramethoysilang methyltrimethoxysilane hybrid
monoliths is nvestigated and related to their separation efficiency. The study illustrates
how the efficiency of these monoliths iexted by detachments of monolithic rods from
the capillary wall. The preparatiarondtions in the slurry packing of particulate columns
are in the focus of Chapter 4, 5, and 7. Chapter 4 discusses the effects of a varling capi
lary inner diameter on the bed structure of capillaries packed wit@ sumb particles. B-
viations in radialporosity from the bulk porosity are quantified and related to the &epar
tion efficiency of the columns. It is the first work that visualizes particle stggegation
effects in a capillary column. Chapter 5 outlines differences in beghuolmgy that come
with different particle types. Three types of fully porous and three types afstaiée pa-
ticles are compared for their microstructural properties and radial heterogeneity. d-he fin
ings in Chapter 4 and 5 suggested investigating effects of slurry awcentration on bed
morphology both for fully porous and coshell materials. This is done in Chapter 7 and
outlines how the slurry concentration affects packing defects and particleegjmegation.

Finally, Chapter 6 provides a comparison of a 20 pumsilcca monolithic capillary and a
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20 um i.d. paitle packed capillary. The chaptsinows the advaages and disadvantages

of the two different stationary phase support concepts by analyzing their microstructural
properties. Although the conclusions bist study seem little surprising it provides anzo
parison that would not be possible without the availability of tdieeensional reconstod

tions.
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Abstract

We present a fast, noestructive, and quantitative approach to characterizentine
phology of capillary silicebased monolithic coluns by reconstruction from confodaker
scanning microscopy images. The metlcodhpises column preeatment, imagacquis-
tion, imageprocessing, and statistical analysis of the image datar&devedmorplo-
logical data are chord length distritions for the bulk macropore space asiageleton of the
silica monolith. The morphological information is shoto be comparable to thaerved
from transmissiorelectron microscopy, Ut far easier to access. Thepapach is geerally
applicable to silicdbased capillargolumns, monolithic or particulate. It allows the rapid
acquisition of hundrexlof longitudnal and crossedional images in a single sessios; r

solving a multitude omorphologicaldetails in the column.

1.1 Introduction

Monolithic stationary phasegrepared from organic polymems porous silica have
found widespread application in separatgcience as an alternative to partate beds
[1-15]. In the hierarchaally structured pore space of monoliths, macropores enabiez-

tive transport and mesoporous skeletons provide a lanjace area accessible by diff
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sion[16,17] Key feature inthe hydrodynamics and mass transfer kinetics of the chrom
tographicprocess is tk stationary phase morpholod8].The synthesis dfilica monoliths
for chromatography, introduced by Nakanishi acotworkers[19-23], allows us to modify
macropore size argkeletonthickness independently from each other. Macroporosity, pore
sizedistribution, and domain size (i.e., the sum of macropore sizelaidton thickness)
are statistical measures that describe Hipdraulic permeability of the silica monolith,
whereas eddylispersion additionally depesdan the pore interconnectivif24-28]. Most
often indirect methods lkinverse size exclusion chrotography, mercury intrusionop
rosimetry, and gas sorption areed to measure porosity, pore size distributiand, sje-
cific surface area of porous media. However, these methods ralgsamptions about the
pore geometry (e.g., a cylindrical, opgore structure) that may have limited applicability
for the investigated porous medium. Thus, the results of indireethodsdepend on the
accuracy of the underlying modei8-33].

Imaging techniques like soaing and transmission electranicroscopy (SEM and
TEM, respectively) provide a direct, modetiependent insight into the mostructure at
nanometer resolion. Paosity, pore size distribution, and surface area aftaionary
phase can be derived from cregsctional TEMmicrographs of the column by gutitative
steredogy [34]. Acquisition of TEM images is a timeand skillkconsuming process, as it
requires theample to be embedded, cut with a microtome, @olghed in the preparation
process. Additionally, the fusedilica wall of capillary columns has to be removed before
cutting withhydrofluoric acid[34]. SEM images are more easily accessible:cthlamn is
cut, and the resulting surface, usually the column @esson, is coved with a thin gold
layer[33,25] The morphology ohewly synthesized monoliths is usually characterized by
visually estimating the average domain size from SEM images. How8&dft, images
offer no reliable depth information and thus lalek required morphological details. At the
moment, the insufficientharacterization of silica monoliths limits systematic optimization
of their fabrication to yield highly efficient higberformarme liquid chromatography
(HPLC) columng16,17]

The usefulness of morplagical information from TEM and&EM depends on the
guality and number of representative cintsn the investigated ¢omn. As an alternative
to these columitutting methods, confotdaser scanning micesopy (CLSM) hasbeen
used peviously for the characterization of monolitimeaterials. CLSM is nondestructive,

widely and commerciallyavailable, enjoys simple and fastrgde preparation, and allows
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the rapid acquisition of longituial and crossectional imageat any position in the ¢o
umn. Between 2000 and 2007, Jinnai anavorkers[36-42] in particular published three
dimensional (3D)reconstructions of custoqrepared organic polymer and silbased
monoliths. They investigad monolithic samples not incelumn format, but either unne
fined or confined between tweooverslips. The 3D reconstructions gave insight into the
formationprocess of monoliths and their geometrical properties like gloape and ¢o
nectivity.

In particulate columns the intearticle pore size and hetgeneity are intimately eo
pled to the particle sizes and the packdensity, which makes particle size distribution
and mrosity suitable descriptors of pore space morphology. Howevenntbhestructue
of more complex random porous media Irkenoliths, which lack an elementary building
unit comparable ta spherical particle, cannot be sufficiently characterized witbbgect
oriented approach. As anebhative, chord length distribans (CLDs) andtlosely elated
statistical analysis measureghose calculation does not involve assumptions about the
shapeof morphological elements, %@ been frequently used to cheterize the mperties
of random porous medi@3-47]. Size andshape of a CLD arenfluenced by the volume
ratio, surface areanisotropy, and heterogeneity of the underlying morphologieahent.
Therefore, the monolithic macropore morphology shdwédcomprehensively and aec
rately described by statistical analysigerms of CLDsAlthough it is possible that diffe
ent macroporenorphologies result in identical CLDs, a narrow CLD will pdmia hono-
geneous monolith with high separation efficien€purtois et al[34] have paved the way
by introducing CLDs deriveftom TEM microgrghs for the characterization of nuith
morphology. Beside several organic polyrbased monolithicolumns, they also invast
gated silicabased Chromolith columns.

In this work we Bow how CLSMi though inferior in resolutioin can provide quait
fiable norphological informationcomparable to TEM. We investigate a commercially
availableHPLC capillary column with a barglica monolithic stationarphase (Chrom-
lith CapRod). The manufacturer has specifiedabherage maopore size of the monolith
as 2um by mercuryintrusion porosimetry. Consequently, the resolution of the opisal
tem is critical. We will give a detailed description ofradicessary steps required to image a
monolithic baresilica capillarycolumn close to the diffraction limit and extt the d@sired
morphological informationThese steps comprise columntpeatment, image acdgition,
image processing, and statistiealalysis. The received CLDs are compared with tlee pr

vious TEM-based characterization and discussed in terms of si@#olith maphology.
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1.2 Experimental Section

1.2.1 Chemicals and MaterialsResearch samples of ca. 60 lbng baresilica moro-
lithic columns (Chromolith CapRod) in 1Q@0n i.d. fusedsilica capillaries were provided
by Merck KGaA(Darmstadt, Germany).-Barboxy6-chloro-7-hydroxycoumarirwas pu-
chased from Endotherm Life i®oice Molecules (Saarlokien, Germany 3-aminopropy-
triethoxysilane, N,MNglisuccinmidyl carbonate (DSC), and -dimethylaminopyridine
(DMAP) were supplied by Alfa Aesar GmbH (Karlsruhe, Germaniiethylamine
(Et3N), dimethyl sulfoxide (DMSO), glyceroHPLC-grade ethanol and methanol, and
dimethylformamide (DMF) were purchasd from Sigma Aldrich Chemie GmbH
(Taufkirchen, Germany). HPL-Grade water was obtained fraMilli-Q gradient water

purification system (Millipore, Bedford,MA).

1.2.2 Column Pretreatmentfigurel.1 gives an overview of theolumn pretreatment
steps. Asuccinimidyl ester of dye V450 wasy/nthesied with 75% yield starting from
3-carboxy6-chloro-7-hydroxycoumam as described by Abrams et [@8]. The bare silica
suface of the monolithic column was aminedified for covalenbinding of the V450
succinmidyl ester following a method outlindaly El Kadib et al[49]. For this purpose, a
ca. 12 cm long piece dhe capillary column was first cleaned with 0.5 mL of methanol at
a flow rate of 2 uL/min. Next, TuL of a 3aminopropyltriethoysilane solutior{0.1 M in
ethanol) was pumped through tlewlumn at 1 puL/min and 70 °C overnight. The amine
modified column was then flushed subsequently with 0.5 mL of ethandl 0.5 mL of
methanol/water 50/50 (v/v) at 2 puL/min. Foovalent attachment of the dye te@timoro-
l it hoés s uofh¥i&Gsyccinimbd est@isolution (5 mg in 250 pL of DM#as
pumped through the amimeodified column at 0.2 pL/minPurging with 0.5 mL of
DMSO/water 81/19 (v/v) at 2 pL/minemoved excess dye and prepared the column for
CLSM experiments.

Repeated sample preparatidrave shown that the optimal dgencentration varies for
each column and dependsonthe nol i t hés age, surface activ
dyeconcentration is t oo hingdexcifatiod of deeperdagersl o a d o
in the sample will be hampered, whighvisible in the images as an increased shaaing t

ward the colummenter (Figurel.5A). In contrast to insufficient dye coatingpwever, dg
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Figure 1.1: Surface modification othe baresilica monolith for CLSM. Starting from-8arboxy6-chloro-
7-hydroxycoumarin 1), the succinimidyl ester of dye V458)(was synthesized agstribed by
Abrams et al[48] with 75% yield. Amine modification of the bare silica surface of the anon
lithic column B8) was carried out with-aminopropyltriethoxysilanedj according to El Kadib
et al. [49]. Reaction of the amimmodified surface §) with V450-succinimidyl ester ) re-

sulted in covalent atthme nt of the dye to6.the monolithoés sk

overload is uncritical, because excess dye in shenple can easily be removed
(Abl eachedod) bdurind ca betore image @ Wsiti@lhel abavaeported
concentrdon of 20 mg/mL of V456succinimidyl ester, e.g., required strangdiation of
the sample, so lower dye concentrations are pos&ibleolumn pretreatment. A homeg
neous luminosity distributiom the images is optimal, but as long as imagegi@mund and
background are clearly separated at the column wall and cémtegubsguent image
analysis is not compromised due to dmployed edgéased image segmentation method
(see below)ln fact, a slight dye overload might be beneficial for scanning lamgge
stacks, because the amount of dye limits the timexpbsition for eeh volume ncrement

until signal and backgrounibise merge.
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1.2.3 Image Acquisition.Images were acquired on a TCS Skmfocal microscopy
system equipped with a HCX PL APO 63x/1.3 GLYC CORR CS (21°) glycerol immersion
objective lens fromLeica Microsysems (Wetzlar, Germany). Before the column was
mounted on a customade microscope slide, the polyimideating was removed from an
~1 cm long segment of the capillacglumn with a drop of warm sulfuric acid. Thdwmn
was constanty flushed with DMSO/wadr 81/19%(v/v) at a flow rateof 0.5uL/min. Glyc-
erol/water 83/17{v/v) was used as immersi@md embedding liquid. Aqueous xtures of
DMSO and glycerolvere prepared in the given volumetric ratios and therbredaédto
match the refractive index of tHasedsilica capillary wall = 1.4582) with an AR200
digital refractometer (Reichert Analyticadstruments, Depew, NY . A Atype 00 c
of 120um thicknesseparated embedding and immersion liquid.

From the excitation and emission maxima of the ¥d$e at404 and 44&m, respe-
tively, the Nyquist sampling criterion waslculated fothe applied objective as 3fn in
lateral directionsand 126 nm in axial direction. The digital zoom was chosenatch a
pixel size of 30 nm. A UV diode laser wasedsfor excitation at 40%5:m. Fluorescence
emission was detected in theerval 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 éaxh other wereer
corded as 1#it grayscale images ¢&f048 x 2048 pixels (20MHz, three line averages),
yielding a capturegolume (in %, y-, and zdiredions) of 61.5 x 61.5 x 21.4 um?3

1.2.4 Image Processingduygens maximum likelihood iterativadleconvolution (Scie-
tific Volume Imaging, Hilversum, The Nwdrlands) was applied to the acquired image
stack for a moreealistic representation of the original object. The softvwacerporates
the removal of highHrequency noise and backgrounwhich is why, as a preprocessing
step to deconvolution, we onbonsdered bleaching of the dye by fitting a secamder
exponential decay to t heédistribtionui red i mage st a
For image segmentation a copy of the acquired image staslblurred with a Gau
sian kernel and then subtracted from deeonvobed original[50. A val ue of 200
chosen as kernel size, a value that is large compared with image features armbamall

pared with background variations.
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1.2.5 Image AnalysisThe segmented images were analyzed following the methed ou
lined by Courtois et al34] using inhouse 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 pettbrs were projected in
32 angularly equispaced dotons 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 wee collected from 4 x P&hords randomly distributed over the image stack. U
ing 4 x 10 chords generated in the skeleton area a distribution of the skeleton thickness

was generated ithe same manner.
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1.3 Results and Discussion

The specified average rrapore size of the investigat€hromolith column is-2 um.
This puts the required resolution the optical system close to the diffraction limit. Tarer
fore all experimental steps from selection of the fluorescent dye to thetails of image
acquisiton and processingswere optimized flesolution.

1.3.1 Column PretreatmentFor a fluorescent, uniform labelingf the baresilica
monolithic skeleton, the dye V450 was chodéecan be covalently attached to the silanol
groups of the silicasurface (Fgure 1.1). The excitation maximum of V450 (404 nm)
closely matches the UV diode laser line (405 nm), and the Stukes shift of 44 nmre
sures that detection remains in the shonavelength part of the spectnu(448 nm), an
important considration as dal and lateral resolution both decrease with the noéaxd-

tation and emission wavelengtfisl].

1.3.2 Image Acquisition.Degeneration of resolution in opticalicroscopy is almost
exclusively caused by spherical aberratitrom a refractive index (R mismatch between
sample andbjective. This is especially crit for glycerol and water objgees, which
are designed to be used with standardized cover3ligs Rl mismatch introduced byed
viations from the standarcbverslip thickness can be patty compensated by tuningeh
correction collar of the objective. For an aberrafii®e opticalsystem with our exper
mentaldevice NyquistCalculatorf52] simuates a point spread function with a laterabres
lution (FWHM) of 0.185 pm and an axial resdilon of 0.389 um (Figurd.2A). If sphei-
cal aberations from, e.g., a 40 um thick coverslip areroduced to the system, the point
spread function broadens #olateral resolution of 0.197 um and an axial resolution of
0.894pm (Figurel.2B). Consequeny| the quality of our measurementd! be limited by
the achigable resolution along the optical axig,, the optical slice thickness.
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A

lateral lateral

B

axial axial

0.5 um

Figure 1.2: Lateral and axial point spread functions simulated with the Ny@aktulator[52] for (A) an

aberragion-free optical systemFWHM ( | at er al ) FBHMG .ak8 1 ®mad 0. 389 O

(B) a system with aberrations from a 40 um thick covershe/kiM ( | at er al ) & 0.

FWHM( axi al) & 0.894 Om).

Figure 1.3 illustrates our CLSM setup. For a distortivee imageof the silica mon-
lith, Rl matching of the fusesilica capillary wall(n=1.4582) is of predominant impo
tance to hinder the curvemdall to function as a lens. The RI of the monolithic silica skel
ton is close enough to that of the fusalica wall, and costantflushing of the column
with a mixture of DMSO/water calibratedd an RI ofn=1.4582 eliminates the RI s
match from the porspace of the monolith. Because the optimal RI for the usetb-
scope objective is = 1.451, spherical aberrations andoaal shift, inceasing with sa-
pling depth, will inevitably béntroduced into the optical setup. Spherical aberrations could
in principle be eliminated by altering the effective tube lengtthefobjective, but this is
not possible in a commercial systedowever, if he immersion medium for the objective

lens is alsa@hosen to match the RI of the capillary wall, spherical aberraitioihe system
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become independent of sampling depth. A glycerol/water mixture aldwatatl to an RI

of n=1.4582 was therefonesed asmmersion and embedding liquid. The sphericarab

rations caused by the capillary Rl matching over the free wortlistgnce of the objective

were equivalent to a 40 um thick covers{gee example above). The coverslip thickness

was then chosesuch thatthe spherical aberrations from coverslip, immersioedium,

and sample approximately added up to the sphealmadration correction of the lensssy

tem (designed for a standardverslip of 170 um thickness). Therefore, a coverslipkthic

nessof 130 um wold have been optimal. However, it turned out tonb@e practical to

use a roughly 120 Oandtuheithe korrettiory qolar oltlie aljeo v e r s

tive accordingly

Objective

n=1.451

Immersion medium

n=1.458

Cover slip n=1.523 t

Embedding

Monolithic
sample n=1.458

Figure 1.3: Light beam focus from microscope objective into thenolith @mple displaying the respective
refractive indexes of thelements in the optical pathway. A glycerol/water mixture was ased
immersion and embedding liquid, and a DMSO/water mixture ugesl for refractive index
mat ching of the mace.A tovetslp dheknesoof1d20(um was eHosers p
to balance theemaining spherical abetions from coverslip, immersion mediumnd sample

by tuning the correction collar of the objective acliogly.
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Figure 1.4 shows sections from dépprofiles ofthe fluorescentf abel ed col um
cross sectioracquired with two differentcavr s i p t ypes, a 160 Om t
120 Om t hicavérslipi Thy gepth pbobiles are shown side by side agjtaders
of the cross section for ease of companisThe rightimage, acquired with the 120 pum

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

light from adjacent optical slices as a result of balanced sphaliealations.

Figure 1.4: Depth profiles(x-z slices) showing the cross sectiontloé fluorescently labeled silica mon

lithic capillary column. Thelefbor of i | e was acquired with a 160 O
proflewi t h a 120 Om fAtype 00 cover ofthé picrosdope each

objective was tuned to minimize aberrations.

Figure 1.5 shows raw CLSMmages of a longitudinal sectidne., aligned with the
column axis) through the widest parttbe fluorescently labeled monolithic capillaryl-co
umn and of itross section. Both images reveal gaps between monolith skelatbng-
illary wall, which are supposed to result from the unereracter of the mechanical stress
that is experienced by the monaiittall interface duringhrinkage step of the preptoa.
This is a weltknown problem, particularly for the rigid, bbtittle, silica monoliths pe-
paredwith pure tetramethoxysilarj&é6]. In analytical[53] and semipreparatii®&4] moro-
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lithic silica columns walleffects in general have been identified before ubstatially
affectthe average crossectional plate height, and they are also knéwrtapillary moro-
liths [55,54. The lateral pore space heterogenaity its large contribution to eddy dispe
sion is at present the madnawback of silica monolithin chromatographic practidé6].

The presented approadit column pretreatment and CLSivhage acquisition allows
quick scanning along the capillary colurton check for obvious defects in the notith
structure, e.g., as jrocess control step in silica naith preparation. The quantttae
characterization of the monolith morphology additionaguires image processing and

statistical analysis of the imagdata.

Figure 1.5: Raw CLSM images of the 100 um i.d. fluorescently labeled silica monolittpdliary column:
(A) longitudinal (i.e., along the column axis) central sectioy étice, 100 um distance from

wall to wall); B) crosssectional (xz) slice.

1.3.3 Image Processingmageprocessing involved two consdiue steps: restoration
and segrantation (Figurel.6). The amounbf blurring in the raw images was reduced by
Huygens maximuntikelihood iterative deconvolutim With the good a priori knowtige
of the optical system and the point spread function, thakellations are particularlyf-e
fective for CLSM and increase axi@solution by a factor of-2 [57]. In this way, the p-
tical slicethickness of the CLSM images approaches the thickness ofriiEMgraphs
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To extract quantitative information the restored images tabe segmented imtfore-
ground and background class. Higdsolution CLSM images are dim because the pinhole
excludes dot of light. As a consequence, foreground and backgranfiedmation in the
images, i.e., silica skeleton and void space hatecompletely separated lhyeir intensity
alone. Therefore, theontour of objects was considered in the segmentation pradepess.
plication of highpass filtering to the restored images preseraey edge in the images
(high-frequency information) and elimated the remaining badaynd noise (low
frequency informaon). After filtering, any positiveralued pixel was considered panit
the silica skeleton (Figurg6). The applied segmentation methiedcompletely automatic
and not influenced by spatial variatioimsthe detector gnal, an advantage over proses
ing steps likege.g., intensitybased thresholding. For better visualization furiheage @&-
hancing steps are possible, but these do not imghavguality of the data extracted by the

subsequent image analysis.

Figure 1.6: Image processing. Shown is a 25 x 25 um2section &domgitudinal image @y slice) throgh
the bulk part of the fluoregntly labeled silica monolithic columrA) raw image, B) restored

image, andC) segmented image.

1.3.4 Statistical Analyss. For statistical analysis of morphologigabperties, an image
stack of 170 longitudinal sections-yxslices)covering avolume of 61.5 x 61.5 x 21.4 um?3
was acquired in théulk part of the capillary. Longitudinal rather than cresstional
slices vere chosen for image analysis to takivantage of the better resolution in the focal

plane. Imagenalysis was performed on 160 of the 170 longitudinal sectepslices) in
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the acquired stack. Five images from ebolder were excluded, because restion is less
accurate foborder images. For the same reason, 1.5 um from each dide stack were
cropped before analysis so that morphologilzdh were finally extracted from aluone of
60 um length an®0 x 20.2 umZross section. This volume isome than sufficiento rep-
resent the dix properties of the monolitf58].

The macroporosity was deteimad in each slice as the ratio of void pixels to all pixels.
Bulk macroporosity varied betweén677 and 0.716 around a mean value of 0.69%- (Fi
urel.7), which agrees well with macropoross of Chromolith columns detained by
inversesize exclusion chromatograpf82].

CLDs were calculated as outéid by Courtois et al34] for the macropore space
( Pore and the silicals e | e tsg).Mhepbiainedd yoreis very similar to the CLD derived
from TEM micrographs[34] for a Chromolith column (Figuré.8). The mediarchord
| engtpheis 8.2 pmi(Tablel.1), the same value as foubgl TEM. This demonstrates
that the ability of the presented CLSKEethodto yield quantifiable morphological data is
comparable tahe TEM image analysis.

0.72 4
0.714

0.70 4

Porosity

0.69 4

0.68 4

T T T 1
20 40 60 80 100 120 140 160
Slice Number

Figure 1.7: Variation of macroporosity as determined from 160 restored and segmented CLSM images of
60 x 60 pm? longitudinal sections-fxslices) acquired in the bullf the fluorescently labeled

silica morolithic column. The dashed line indicates the mean value (0.695).
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Table 1.1: Statistical properties of the chord lengibktdbutions (cf. Fig1.8).

Macropore space Monolith skeleton

Mode 2.2 um 0.9 um
Median 3.2 um 1.2 um
Arithmetic mean 3.8 um 1.4 um
Variance 7.6 um 0.8 um
Persistence length 3.1 um 1.0 um
1.0 4
—— CLSM
0.8 1 —TEM
:é; 0.6
-% 0.4
z A
0.2
0.0 T T T T T T T T 1 1
0 2 4 6 8 10 12 14 16 18 20
Chord Length [pm]
1.0 q
—— CLSM
0.8 4
?.,- 0.6
$ B
0.2+
0.0 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 1"

Chord Length [pm)]

Figure1.8: Chord | ength distributp.0A)s amar tthlee sqpBifatapckel s
the monolith determined frol@LSM images of longitudinal sections-{xslices) through the
bulk o f the capillary ¢o@determimed préviogslyrameTEM enice-i v e 0
graphs[34] is shown for comparison. Charadtes t i ¢ st at i s {olandilyqame asur es

summarized in @le1.1.
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The arithmetic mean of ¢hCLDs of the void space varibetween 3.7 and 4.0 um for
the analyzed different spatial dirgons. For CLDs of the skeleton the variations were
found to rangdrom 1.4 to 1.5 pum. Because these variations are in faatlerthan thse
observed by Courtois et gB4] the monolithic structurevas considered to be isotropic
within the scope of thisworlCh ar act er i st i ¢ s jfodatnidgetfortbeal me a
bulk monolith are summarized in Tablel. The moments of theseLDs can be inte
preted in terms of the size distribution damogeneity of the underlying structure.

Unlike materials with Deye randomness, which show exjygntially decreasing CLDs,
monoliths as materials that form fraspinodal decomposition exhibit correlated disorder
and thus anode in their CLD459], i.e., structural order exists on a length scadere-
sponding to the modedrrelation length). Gille et al60] haveshown that for an infinitely
long cylinder the mode of the CL&brresponds to the diameter. Therefore, it is not srpri
ing that t odle €2.2 o, dr@bleld ) is amly slightly larger thamthe nominal
macropore size of~2 um based on mercury intrusigoorosimetry for Chromolith de
umns. The latter method assunaesylindrical pore shape and usually underestimates the
pore sizedue to an inkbottle effec61].

A chord length in the macrope space represents a straidistance between twane
counters with the silica skeleton. In apen pore networkilk e t ha't of ok he mo
is asymmetrioor skewed toward higlr chord lengths. The mode thexpresents thenost
frequentskeleton walito-wall distancewhereas the arithmetic mean representsatree
agedistance.CLDs with identical mode may possess very different mwadunes. Thus, the
me a n poRShould be a éiter expressiofor the average pore size. The mode, however,
is what theestimation of the domain size from SEM images probabigunts to.

Separation efficiency anhonolithic columns is not onlinfluenced by their macropore
size distribution but alsoybthe degree of heterogeneity (or disorder) of the macropore
space. Inthis r espect, t.ohk ie an\efficient averallemeasiréhdl disorder,
however, is characterized by chords longer tthenmode. The exponential decay of the
determined CLDsrepresented by their persistence length (Taklg¢, indicates thathis
disade can be considered as randfsf].

So far we focused our analysiso t h e ¢ h ar agebezausezddy dispersiomp f G
as a major limitation to improveskeparation efficiencies of the silica monoliths, occurs in
the interskeleton macroporouflow-through) domain where trgpsrt is convection
dominated. However, the above descriptars e al s 0 < &hich id as$ocated U
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with diffusion-limited transport and adsorption in the intraskeleton mesopores. phese
rameters provide a measure¥ t h e A h o miistyileution) ioft thye dntraSkeleton
mass transfer resistancd$erefore, a systematic optimization in the fabricatiomofo-

lithic HPLC columns could be controlled by minimizationf t h e v aphela@dn c e s

U skel

1.4 Conclugons

We presented a CLSM meith composed of column pretresnt, image acquisition,
and image processing, to charactettze morphology of a silica monolithic capillaryl€o
umn. Themethod is generally applicable to siibased particulate anonolithic columns
in capillary format and can be used to visuatize stationary phase structure without-cu
ting the column firstThe approach yields a multitude of longitudinal and ceestional
images in a short time and allows fast scanning along ssgeets of a capillary column
for heterogeneities in macropamorphology. Individual contributions to eddy dispersion,
e.g., dueo wall dfects, can thus quickly be identified, enabling tptimization of silica
monolith preparation for more efficient HPL&@lumns.

Statistical analysis of thelGM images yielded quantifiablmorphological informa-
tion in the form of chord length distritiions for the macropore space and skeletorkthic
ness. The datare comparable to those derived by TEM image analysisdser to a-
cess,and describke monol i t hds ogpacauratelyandecomnmporieaely, o |
providing a clear advantagwer estimates of the average domain size from SEM images.

Because CLSM is widelgnd commercially available, wanticipate its inaased p-
plication for quantitative characterizatiaf monolith morphology, following the general
approach presenteghd validated in this work. For example, we currently investitiae
effect of a feed ratio of methyimethoxysilane to tetramethgsilane on the morphology
of improved hybrid monolithic silicaapillary columng62]. We also plan to extend the
presented methotbward particulate capillary columns. The statistical analyssasures
introduced in this work will be used to charactetisterg@eneities and anisotropies in the
column and to establistorrelations with its chromatographic properties. As theseripe
tors do not rely on anssumption about the pore space, a litween the morphologies of

particulate and monolithic bedsight emege.
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In the future the CLSM appach may be combined with othtechniques, e.g., pulsed
field gradient nuclear magnetic resonarfB&GNMR) [63,64] or capacitively coupled
contactless conductivityetection (¢D) [65,66] Whereas orolumn CD scanning canot
provide data on the lateral heterogeneity, it allows us to quekijuate stationary phase
density variations along the columand visualize band broadening. RR®R, on the
other handrecords propagator distributions of the mobile phase moleowiesdscrete
spatiotemporal domains to characterize velodistributions and dispersioWhen con-
bined, the three tedmues provide complementary information that helps to britige
time and length scales from the pa@le (microscopianorphology ad dynamics to the
columnscale (maascopic)transport behavior.

The presented method may floether utilized for 3D recostruction of silica modliths
to resolve and quantify the total effedtthe component plate height curves to eddy dispe
sion by diect porescale simulation within the real morpholoffy8] addressingime and

length scales behind individual contributions, as repdaedacked bedg7].
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Abstract

We report a fast, nondestructive, and quantitative approach to characterizerthe mo
phology of packed beds dihe particles by their thredimensional reasstruction from
confocal laser scanning microscopy images, exemplarily shown for prd0@. fused
silica capillary packed with 2j8m-sized coréshell paticles. The presented method is
generally applicabléo silicabased capillary columns, monolithic or particulate, and-co
prises column pretreatment, image asdgion, image processing, and statistical analysis of
the image data. It defines a unique platform for fundamentapadsons of particulate
and maolithic supports using the statistical measures derived from their reconstructions.
Received morphological data are column cresstional porosity profiles and chord length
distributions from the intparticle macropore space, which are a descriptavaafl Idensity
and can be characterized by a simplifiegamma 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.drartschannel and shert
range interchannel contributions to eddy dispersion, respectively). Together with the
transcolumn porosity profilehe presented approach allows analyzang quantifing the
packing microstructure from pore to column scale and thexdnolds great promise in a

comparative study of packing conditions and particle properties, particularly for characte
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izing and minimizing the packing procesgecific heterogeneities in the final bed stru

ture.

2.1 Introduction

Flow and transport belvior in randomly packed beds of particles is a subject with m
jor interdisciplinary signicance, ranging from chemical reactors to simplified models for
natural porous media and biological tis$lie6]. In chiomatography, an understanding of
these phenosna promises substantial improvement in the design of better performing
stationary phases and separation techno]@g9]. Transport in chromtographic columns
is governed by the interaction of diffusion and advection, i.e., the phenomenon of dispe
sion[10,11] The flow pattern in laminar flow through a packed bed depends on the mo
phology, i.e.,the topology and geometry of the available pore space, so that inhecent stru
tural heterogeneity of the packing sensitively influences time and length scaleschénich
acteize hydrodynamic dispersiofi2,13] The fAscale dependenceo
constituent contributions is central to a deeper understanding and potentaioredd
dispersion under a given set of variables including the packing protacainpters, do
umn dimensions and particle properties, or the actual chromatographic conditions: In add
tion, the effect on measured or modeled transport coefficients (e.g., dispersion coefficients)
of interactions between the time and length scales ofreagen and the natural scales of
the chromatographic packings becomes a key issue in the modeling of packstia-
ture, flow and transport behavior, as well as in a comparison between theory and exper
ment. Detailed thredimensional numerical simulatis of flow and transport in sptee
packings are particularly suited to the challenge of investigating the central siructure
transport relationships in chromatographic media, because this approach allowsnte syste
atically study relevant parameters, suctiresshape and akage size of the particles, the
particle size distribution, inteand intraparticle porosities, as well as the column dime
sions and crossectional geometrj14i 26]. Transient dispersion can be recorded easily,
thereby quantifying timend length scales required for the attainment of asymptatic di
persion behavior and pradmg correlations for the dependence of dispersion on the mobile
phase velocity. Because all dispersion data are referenced to a particular packiag micr
structure andare unbiased by ext@lumn contributions, the numerical simulations a

proach establishes a systematic route towards quantitative stitictasport relationships.
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Also statistical mformation about the structure of the simulated packings can be cdllecte
because the pd®n, size, and shape of the particles are precisely known. Together with a
generation protoceallependent, dedicated adjustment of the microstructural degre¢- of he
erogeneity in the sphere packings this approach promises decided prograssinde-
standing of the lamjy unknown disordedispersion correlation27].

Another approach for investigating morphology and performance of chromatographic
beds under working conditions, which complements the competegration of sphere
packings is their physical reconstruction by direct igmay. Seveal imaging techniques
are nowdays available to investigate the thiimensional pore structure of chraio-
graphic media and packed beds, in general. They range from nanometetioreswith
eledron tomography28i 30], through micron and submicron scale with migr@ay can-
puterized tomographj81i 33] and confocal laser scanningaroscopy (CLSM)34i 36],
to several tens of micrometers with nucleagnetic resonance (NMR) imagiffg7i 40].
Wherea NMR imaging consequently has been applied to visualize the interparticle pore
space in confined packings of relatively large, up to millimsized particles,
electronomography, on the other extreme, has been used for capturing details df the a
sorbens intraparticle pore space. For the reconstruction and statistical analysis of the
interparticle pore space in modern HPLC packings (pmEsized and smaller particles),
the CLSMbased approach appears suitable and its adaptation for that purposejmcthe t
of the pesent work.

With the recent development and chromatographic use e3 gt coré shell particles
several basic research questions have attracted signifiemetved) attentiorf41i 49].

This includes the influence of the particle size disiitm and surface roughness or th

packing microstructure and separation efficiency. It particularly addresses the impact of the
packing process and protocol parameters on the microstructural heterogeneity of the resul

ing confined fixed beds. Packingmice t r uct ures are commonly «cl
homogeneouso or Amor e het e ravglabele @raisualy Thes
based on the column performance. Experimentally, it would be desirable to generate
padkings with a known (and controlldd) degree of heterogeneity. However, this requires a

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

packing microstructure. We have shown recently in an extensive numerical simulation
study that the standardedation 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 kmg pac
[27]. Consequently, is desirable and will be highly diagnostic to reconstruct expetahe
packings obtained under easily adjustable, but carefully controlled conditions and correlate
the packing microstructure with the packing protocol parameters and separatemeyt

In addition, these reconstructed packings will serve as realistic models for the three
dimensional pore scale simulation of flow and transport, allowing totidyadime and

length scales of dispersion with respect to the macroscopic, atogmaphic respae.

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 packingsel®®rth envisage a
straightforward approach to the disordéispersion correlations for randomly packed beds

in dependence of packing process and operational parameters as well as particle and co
umn chaacteristics.

In this work we report a significantepp towards this challenge. We adopt a CLSM a
proach, recently demonstrated for the detailed reconstruction of silica monolith haerpho
gy [50] and subsequent pore scale simulations of flow and tran§ios2], to recastruct
the inteparticle pore spaceorphology in a 10um i.d. fusedsilica capillary packed with
2.6um coré shell particles. CLSM is nondestructive, widely and commerciallyl avia,
enjoys simple and fast sample preparation, and allows the rapid acquisitioniafdovay
and crosssedional images at any position in the column. The approach is generaliy appl
cable to silicabased capillary columns, monolithic or particulate. We give a detaded d
scription of all necessary steps required to image packed capillarsnee close to the
diffraction limit and extract the desired morphological informationeséhsteps comprise

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

2.2.1 Chemicals and MaterialsThe 2.6um-diameter Kinetex barslica particles
came from Phenomenex Inc. (Torrance, CA, USA). 100i.d. fused silica capillaries
were dtained from Postnova Analytics GmbH (Landsberg, Germam@Gar®oxy6-
chloro-7-hydroxycoumarin was purchased from Endotherm Life Science Molecules
(Saabrucken, Germany). -@minopropyltriethoxysilane, N,Ndisuccinimidyl carbonate
(DSC), and 4imethylaminopyridine (DMAP) were supplied by Alfa Aesar GmbH (Karl
ruhe, Germany). Triethylamine (EiN), dimethyl sulfoxide (DMSO), glycerol, HPL-Grade
ethano] dimethylformamide (DMF) and methanol came from Sigma Aldrich Chemie
GmbH (Taufkirchen, Germany). HPEL@rade water was obtained from a Mildi gradent
water purification system (Millipore, Bedford, MA, USA).

2.2.2 Column Preparation.As described previasly [53,54], about 20cm of a fused
silica capillary were slurppacked using a WellChrom-K900 pneumatic pump (Knauer,
Berlin, Germany) with a 500m i.d. glasdined metal tubing as the slurry reservoir. A
temporary outlet frit was provided by connegim micreunion equipped with a gm-
mesh stainlessteel frit (IDEX Health & Science, Werthetiiondfeld, Germany) to the
capillary outlet during the packing process. A 5% slurry was prepared by suspending
25mg of dry Kinetex particles in 500L of methaml and applying ultrasound forrin.

Then, 35uL of the slurry were injected into the slurry reservoir andgparted to the
methanolrinsed capillary, first by pushing with methanol and rising the applied pressure to
500bar over Gmin, then by applyingltrasound for 25nin. After consolidation, the cdpi
lary was removed from the packing device and methanol was replaced with emusaqu
solution of sodium chloride (@/L) to fix the bed at 9cm bed length witmtgred inlet and
outlet frits using an FSNM5SV fusion splicer (Fujikura, Chesgton, UK).

In order to receive a strong fluorescence signal from the surface of the Kineiex part
cles during CLSM a succinimidyl ester of dye V450 wasalmntly bound to the porous
shell of the particles. It is a stéing method that we previously applied for the imaging of
silica monolith morphology50] and sincere fined for pretreatment time andcentration.

We therefore discuss it only briefly. F1 gi ves an overview of
chemical surface odification. A succinimidyl ester of dye V450 was synthesized with
75% yield starting from -8arboxy6-chloro-7-hydroxycoumarin as described by Abrams
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et al.[55]. The baresilica suface of the packed capillary was ammedified for covalent
binding of he V450succinimidyl ester following a method outlined by El Kadib et al.
[56]. For this purpose, the solvent in the capillary was changed back to metkfmel b
100pL of 3-aminopropyltriethoxysilane solution (OM in ethanol) were pumped through
the cdumn at 0.25uL/min and 70°C resulting in an amineodification of the column.
Cleaning with ethanol and lssequent treatment with 1QQ. of V450-succinimidyl ester
solution (0.1mg in 1mL of DMF at 0.1uL/min) binds V450 to the amine sites in thd-co
umn A puming step with DMSO/water 81/19 (v/v), to eliminate excess dye and prepare

the column for the CLSM measurementanpteted the column preparation procedure.

HO 0._.0 HO SNPZS

DSC, Et,N, DMAP 0O
DMF, 298 K 0N
?Et Cl
o
» O OBt H
DMF, 298 K /S'K o) OH
/

W

OEt
NN
oH ohogr N
L. l éi
+ O]-\ ) —_—
74\;\7 S~T3sTT ONH, EtOH, 343 K ’7‘4L/
/ /0

3 4 5

Figure 2.1: Chemical modification of the silica surfaces for CLSM. Starting frogaB®oxy-6-chloro-7-
hydroxycoumarin 1), the succinimidyl ester of dye V45Q)(was synthesized as described by
Abrams et al[55] with 75% yield. Aminemo di f i cati on of 3jweecapesr t i cl e
out with 3aminopropyltriethoxysilane4 accordingto El Kadib et al.[56]. Reaction of the
aminemodified surfacef) with V450-succinimidyl ester2) resulted in covalent attachment of

the dye to the particle$y,

2.2.3 Image Acquisitionimages were acquired on a TCS SP5 Il confocal microscopy
systemequipped with a HCX PL APO 63x/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 wesoved with a drop of warm sulfuric acid. The
column tself was filled with glycerol/DMSO/water 70/19/11 (v/v) and fixed on a @micr
scope slide within an embedding pool of the same solvent mixture before the eneasur
ments. For optimal refractive inder)(matching (cf. Fig2.2B) this solvent mixture was
further calibrated with an AR200 digital refractometer (Reichert Analytinatriments,
Depew, NY, USA) to match the refractive index of the fus#ida capillary wall
(np = 1.4582[57]). The glycerol/DMSO/water mixture was also used as an immersen m
dium for t he mi croscopic |l ens. A Atype 0o co
Braunschweig, Germany) was selected to sepanateedding and immersion liquid and to
minimize spherical aberrations. Thesulting experimental setup is delineated in BigA.
Excitationof V450 was realized with a 408n diode laser. Fluorescence esion was
detected in the interval 44855nm. Planar views in xgimensions, as defined by
Fig. 2.3, were realized at a scan rate of 100Hz. The pinhole of the microscope was set to
0.5AU, ard 125 8bit grayscale images of 40962048 pkels were recorded at 126n
spacing in zdimension. Using a digital zoom of 2.0 this resulted in a pixel size af80
and a cptured volume of 128m x 61 um x 16 um. The covered region within the packed

caplilary is highlighted in Fig2.3.

2.2.4 Image Processin@leaching of the fluorescent dye is an inherent featurasef |
microscopy. It was corrected by fitting a fu@atder exponential decay to the acquired i
age stackods i nt e nhe dimensiod of $he ojgalbaxig (edinensian). on g t
Subsequently, Huygens maximum likelihood iterative deconvolution (Scientific Volume
Imaging, Hilversum, The Netherlands) was applied for image restoration.

The general idea behind segmenting the image stdckai voxelized threphase sg-
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 amgbgquently flood the stack
from each particle center to the signal gatedt by its stained porous shell. The firatid
ative of this signal provides two maxima, which were defined as théstwi ar shell
void interfaces. An overview of the applied steps is provided by2HgTheir implema-
tation was as follows.

Backgiound was subtracted from the deconvolved original image stack with a sliding
paraboloid, and both a twdimensional gradient image and a taassfiltered version of

the stack were calculated using ImageJ for micros¢é@ly Subtracting the deconvolved
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Figure 2.2:
Sample preparationAj Light beam 6-
cus from microscope objective into the
packed capillary displaying the refractive
indices of the individual elements in the

optical pathway. A glgerol/DMSO/water
mixture of 70/19/11 (v/viv) was useds
immersion liquid, as embedding liquid, and
for refractive hdex matching of the whole
void space in the packingB) Chromatic
dispersion curves were calculated using the
Sellmeier eqgétion. For the refractive index
matching liquid an ideal mixture oflycer-

ol, DMSO, and water was assumgsB].
Remaining aberrations in the sample were
considered to be a function of the ©-

t hi

illumination point spread functions was

vers | i p ckness.
peformed using PSEab [59]. The axial
FWHM (dong the optical axis) is very se
sitive to spherical aberrations. Numerical
solutions for the axial FWHM of the sa
ple setup A) are pesented in C). An NA

of 1.3, a wavelength of 40%m, and a focal
length of 31Qum were assumed. Results
suggest to usa coverslip witht =108um
for balancing remaining spherical aleerr
tions from the coverslip, immersionedi-

um, and sample. Tuning the correctiort-co

Il ar of the objective
00 coverslip
viations int.
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Figure 2.3: lllustration of the volume from the cylindrical column packing covered during imaging (green).

The packing of the Kinetex bas#lica particles is represented by the gray cylinder.

original imagestack from the bandpas$#teredversion locats intensity at the particle oe
ters. Thus, the position of each particle can be calculated from the centroidsestittieg
clusters which wadone, along with the further processing steps, usifdguse software
written with Visual Studio C# 2008 (Miosoft Corporation, Redmond, WA, USA).
Using an overlay of the bandpass (RRgiB) and the original (Fig2.4A) the image

stack was screened manually for obvious errors in the particle detection, which were mos

ly circular pores identified as particldse avi ng 7307 #fAtruedshg@larti cl

and shellvoid interfaces in the xplane 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 surfacaf a virtual, enclosing circle in the gradient image, resulting inma te
porary core and particle diameter. Assuming good sphericity of the particles the three
di mensi onal i nterfaces of the particaeods
tion of the temporary spherical diameter to neighboring slices and shifting the particle bo

der to the brightest pixel of the gradient image in close vicinity.

Only spherical particles with captured particle center are accurately reconstructed.

Thus, two nonspharal pieces of silica material contained in the image stack were se
mented manually. Additionally, the image stack was cropped byrii.l the dimensions
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