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Abstract
This thesisaddresses the preparation and characterization of monolithic silica capillary

columnsto examne column performancén high performance liquid chromatograpfyhe
monolithic silica capillaries andnonolithic silica rods, prepared undgmilar preparation
conditions, werevaluatedThe mostimportant findings in this thesis aas follows

First, it wassuccessfuko control retention ability andetentionselectivity of solutes in
reversegphase liquid chromatography by changing tleenposition ofthe preparation feed
solution. The hybrid columns preparegith tetramethoxysilane and methyltrimethoxysilane
underthe presenpreparation conditions were able to show higher column efficiency than the
hybrid columns reported previousklyhile maintaining the retéion factors in a similar range
by reducing theconcentration of methyltrimethoxysilarend increasing the total silane
concentration inhefeedsolution

Secondthe effecs of hydrothermal treatmestat 80°C and 120°C on mesopoosity of
monolithic silica were investigaéd The results of pore characterization dahe capillary
columns byinverse size exclusion chromatographyere compatiblewith those ofthe
nitrogen physisorption measuremermierformed on the silica rods regarding pore size
distribution The effect of hydrothermal treatment or silica precursomesgore size and
surface area coulde detectedIn reverseephaseliquid chromatography, thhaybrid column
treated aB0 °C showed lowcolumn efficiencyfor large moleculs (e.g.insulin), but not for
small molecules(alkylbenzenes because of the absence of thdditional hydrothermal
treatmentat 120°C. In contrast,for pure silicacolumrs producedwith tetramethoxysilane
only, no significant difference in column efficiency wabservable The aforementioned
differencesupporédthe resuk of the examinationy inverse size exclusion chromatography
and the nitrogen physisorptiomeasuremenperformed on théybrid silicg treatedat 80°C
only, showing the presence of a large volume of small pores below @bAsequentlyit
was suggested thathe hydrothermal treatment dt20 °C has astronger influence ornhe
hybrid columnin comparison withthe pure silica column to provide higher column

efficiency with an increase in molecular size of solute.
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Chapter 1

1 Introduction

1.1 Overview

High performance liquid chromatography (HP) has been applied widetp separation,
identification, andguantitativeanalysisof chemicalsubstanceg many industriesin most
cases, HPLC analysis has been carried otgverseephase liquid chromatography (RPLC)
using nonpolar stationaryphase and polar solverdis mobile phasdn general, inorganic
and organic polymer gel particlegpaked into a stainless columrare utilized as a
separation mediunm RPLC. For example, styrendivinylbenzenecopolymer orglycidyl
methacrylateethylenedimethacrylate copolymeis appliedas a synthetic polymer géb
separate h e mi c a l c o nmptbewcasd of a dyritheti®@ polymer gel, igertionof a
functional groupinto the material as well as the control of mesopity is possible In
addition, apolymer gel commonly possesses high chemical stahilitich allows forthe use
of the materialin a wide range of pHsalues[2]. However, there is a constraint on the use of
polymer gels because of the low mechanistbility under high pressure in a HPLC
measurementAdditionally, shrinkage or swelling of polymer particles is caused by organic
solvent inthemobile phase, resulting in change of the packing condition inside a column.

Ontheother hand, silica gel picles areavailableas an inorganic packing material in HRLC
For stationary phasewith respect tosilica gel particles, it isstablishedthat the surface
modification can bearried outy a silylation to introduca functional group Forinstancethe
surfacea on silica particles can be modified bgtgl chain(C8) or octadecylchain ODS. C18
grours [2]. Besides the silylation, a supporting stationary phase of polysaccharides such as
cellulose and amylose derivatives on the surface can bd4,d8dFurthermore polymerization
method of monomers to the anchors introduced iinassurfacs have beenstudied[6, 7).

Chemicallymodified silica gel particleenablethe applicationof a variety of organic
solvens as mobile phasébecause thenfluence ofshrinkage or swelling isegligiblein a
HPLC measurementSilica gel particles possess high mechanical strength to withstand high
pressureThis can providethe advantagef packng small particles into a column in order to
result in high column performancélowever, a silica material ischemically unstable in
measurementonditiors at high pH valuébecause othe dissolution of silicgel. Moreover
there isa problem aboutseparation of basic compoundshich isdue tothe presencef
residual silanogroups orthesilica surface.To improve the performance, theseconsiderable

interest indevelopmentsuchas e.g. silicone coating on silica surfasd8, 9], introduction of
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stationary phase possessing a polar functional group inside an alkyl chain [10, dr&jamation
of organieinorganichybridsilica gel partles[12].

Fastand high efficiency separations are desired in many applicaifddBLC. Especially,
the requirememstto HPLC are practically important with respect todrug development in
pharmaceuticalchemistry quality control in food chemistry and biologically relevant
proteomeanalyss aswell as metabolomanalyss, etc.

In HPLC, it is recognizeahat column efficiency expressed in soalledfitheoretical plate
numbeb can be improvedy decreasingsize of packing particls, as shown in Figl.1
However this causesnincrease in column pressuteoprequired to maintaiamobile phase
flow, becausedhe interstitial spacédetween particlebecomesmaller[2]. In a conventional
HPLC system fast and high efficiency separationgith smallsized particles was not very
practical because of the limitation of pressure available, which imposes the use of a short
column or a measurement atslow flow rate.In general, a column packed wih5 ¢ m

particles isusedin a conventional HPLC measurement.

High performance (High theoretical plate)

OO0
.i. @a
w.(.q?}ﬂy.

N=100 N =10000
Broad Sharp _
A )
)/

4 5 6 7 8 9 10 4 5 6 7T 8 9 10

Increasing the column pressure AP o« 1/d2
Pressure limitation of Conventional HPLC instrument : 20MPa
Particle size: 3 pm — 5 pm

Fig. 1.1 lllustrationof aHPLC column packed with particles

To improve column performance for higipeed separatipnitra high performance liquid
chromatography (UHPLC) usings@ e m si lica particles and pa
was employed13i 15]. Jorgensorand coeworkersreportedthat 200000theoretical plate
were provided at 160 MPasinga 49 cm-capillaryc ol umn packed with 1
particles[15]. Since 2004, atyHPLC column packed with 1.&m silica gel particles and the

UHPLC instruments have started to be sold by Waters Corporation, wehighleusersto
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carry outthe measuremestup to 100 MP416]. Columnrs packed with swl2 e m parti cl

have received considerable attention.

Furthermorefusedcore silica particlesstperficially porous silica particlepossessing a
solid core and a porous shell have been reported by Kirkland andrkers[17 20]. Fig. 1.2
shows thestructureof a 2.7 ¢ mfusedcore silica particle[21]. The characteristic structure
with short diffusion path can reduce contribution of the slow mass transfer of a solute inside
the particles while maintaining the inher@etrmeability from aroverall particle size of suB
€ mThus, a column packed with the fuseate particles camesult inthe breakthrough to
realize fastand high efficiency separations in a conventional HPLC sy$#n2]. It has
beenprovedthat the column caprovidehigherperformancehana column packed with fully

porous particles of similar siz2Q 23].

Ascentis Express Particle Totally Porous Particle

ho
v
|

Diffusion Path
e

1.7

2.7 um

Fig.1.2 Structure of afusedcore silicaparticle (left) and aotally full porousparticle(right) [21].

On the other handnonolithic silica columns havbeen studied as another candidate for
high-speed and high-efficiency separatioa It has beendemonstratedthat the columns
provide larger permeability and higher column efficiengimultaneouslycompared d a
particulate columrn24i 27]. The advantageof a monolithic silica materialis thatthe size of
throughpore and that of silica skeletoncan be contrddéd independentlyby changing
preparation conditionf25, 26]. It is possible tgroduce theontinuousstructure possessirgy
thin skeletoncombinedwith a largethroughpore as shown in Fig. 1.3The comparisomof a
monolithic silica column to a particulate columnllustrates that the small skeleton size
corresponds to themall particle size, and thiargethroughporeto thelargeinterditial space

betweenthe particles [28] The thin skeleton provides high column efficiency because of the
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fast mass transfer of a solute due to the short diffusion pddire the large througpore
contributes to the low column pressure drbpus, a monolithic silica material is an attractive
separation medium from the standpoint of providing high column efficiency under the
limitation of pressureavailablein a converibnal HPLC systemAs an application method
using such characterisica monolithic silica columnhas beenapplied to carry out

two-dimensionachromatography29 32].

[_4—»'

Fig. 1.3 Scanning electron micrograph wfonolithic silica

The peparation processes wionolithic silica materiad have beemeportedwith an organic
alkoxysilaneand a watesoluble polymetby Nakanishi and cavorkers[33 35]. Theywere
successfuin freezang the characteristicstructure based on spinodicompositiorby sotgel
transiton due tothe hydrolysis and polymerizationof the silica precursorBy sealinga
monolithic silica rod with a poly(ether ether ketone) (PEEK) tubee material can be
employedas a HPLC columrA conventional monolithic Bca column with annner diameter
(1.D.) of 4.6 mm has been commercialized from MkrKGaA since 2000 36]. Recently, a
new generatiof monolithic silica columawas developedCompared tdhefirst generation
monolithic silica colunns, they provides smaller domain size (a combined size of
throughpore and skeletonyhile showing an increase in structural homogeneity, particularly
radial homogeneity in the colun{®7 39]. It has beerrecentlyreported by Guiochon and
co-workers thata new generation columresuls in a three times higher column efficiency
and more symmetrical peaks tharfirst generationcolumn B9]. In addtion, an organic
polymer monadathic columnhas beenstudiedasa different separatiomediumcompared to
silica materiad [40 45].

Monolithic silica columns can balso prepared in a capillarj46 50]. Monolithic silica
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capillary columms, even longer onesgre accessible by a facile procedure compared to a
particulate column requiring frits to keep particles and high pressure to pack small particles in
a long capillary.Moreover the preparation of a capillary column is successful without
cladding by a PEEK tubt® seal the monolithic silica structure inside a conventional column.
As shown in Figl.4, the size of a monolithic silica capillary column is much smétlan

that of a conventional columihe use of a capillary columis expected to decrease the

consumptionin terms ofmobile phase and sample amount in a HPLC measmem

Particulate column (4.6 mm I.D. X 150 mm)

Monolithic silica column (4.6 mm I.D. x 100 mm)
Sy
Yol
Monolithic silica capillary column (0.1 mm L.D. X 200 mm)

Fig. 14. Comparison of column sizgetweerconventional andapillary colums.

Fora monolithicsilica capillaryit is crucialto controlthe shrinkage athe silica gelso that
the structureean remairconnectedo the inner wall ofthe capillary. Some resulthave been
reported to control the shrinkad®y using methyltrimethoxysilane (MTMIpG0i 53]. It is
feasibleto prepare anonolithic silicacolumnwith amaximuml.D. of 530em [54].

Owing to the high column permeability, long monolithic silica capillaries caaniygloyed
in HPLC, resulting in high theoretical plate numbgss 59). In a simple HPLC systena
long monolithic silica capillaryis useful to carry out high resolution analysis af target
sample includingiumerouscompoundsasa protein As an application in proteome analysis
bya -LE/MS/MS system|shihama and cavorkersrecentlyreporedthat theidentificationof
more than 26000 peptides from Escherichia coli cells were carried out nsiig@&modified

long capillary column with 3.5 m, providingnore than 400000 theoreticaplates forsmall
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moleculesat less than 20MP§58]. This demonstrates thaforementionedadvantags of
monolithic silicacapillary columrs: high separation efficiency combined with lowaiumn
pressuredrop is attainablecompared to a particulate columRegarding fastand high
efficiency separatias it was reported that monoithic silica capillary column &n provide

high column efficiencywhich is comparable witthat of a column packed withi2 . 5 & m
particl es, while the column pressure drop
particles[60].

The approaches to a higéfficiency columnin HPLC are mainly related to reducing the
resistance against mass transfer of a solute based on a small skeleton size or particle size, or
even a thin porous shellhe nterpretationof column efficiencyon the basis othe Van
Deemter equationsgée Section 2.3shows thathe challenges are how to control thdéerm
(eddy dffusion) and theC-term (mass transfer in mobile phase and in stationary plihate)
aredirectly related tathe throughporesize and the skeleton size (particle size) as well as the
structural homogeneit\61 64].

The present stués are dedicated to thereparation andtharacterization of monolithic
silica materialdo improve thecolumn performancef monolithic silica capillaries in HPLC.

Themotivatiors of this thesisareshown inSection 1.2
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1.2 Motivation

1.2.1 Motivation for Characterization of Monolithic Silica Rods

For a monolithic silica capillargolumn it is still not applicableto determinedirectly
chemical and physical properties of the monolithic siligasome instrumentdecause a
mi crogram (~gg) of sil i forathemeasurterhest ingeneral,lal ar y
monolithic silica rod can be prepared in a plastic or glass tolihis thesisthe examination
of the monolithic silica rod producedundersimilar preparation conditionf®r a monolithic
silica capillay column is proposedto reflect the propertes ofthe monolithic silica in the
capillary Therefore the characterization of monolithic silica raglascarried outaccording to

following purposes

(1) Scaning electron microscopy (SEM)
Scanning electron microscopy (SEM) wapplied to characterizingthe macropoe

structuresn monolithic silicarods.

(2) Mercuryintrusionporosimetry
The macropoosity of monolithic silica rals was investigaté quantitativelyby mercury

intrusionporosimety.

(3) Nitrogen physisorptiomethod
The mesopoosity of monolithic silica rods was evaluatedby nitrogen physisorption

method.

(4) Infrared (IR)adsorptiorspectroscopy

IR adsorptionmeasuremestwere performedto identify the absorption banddue to the
vibrationsof methyl groups in hybridnonolithic silica rod, preparedvith tetramethoxysilane
(TMOS) and MTMS.

(5) Thermalanalysis
Thernmogravimetry (TG) and differential scanning calorimetry(DSC) was used for
determininghermal stability of methyl gron a hybrid monolithic silicarod. In other word,

it was confirmedwhether theheat treatmerdit 330 °C foithe hybrid silica materialwasproper

-7-
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in the preparation process

(6) Elementalanalysis

Elemental analysis was applied to meashexarboncontent C) of bare fonmodified)
monolithic silica rod. Additionally, the measurementsf ODSmodified monolithic silica
rods were carried outfor the assessment tiie carbon content4C) of the ODS groups

introduced on thsilica surface by octadecyilsilylation.
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1.22 Motivation for Investigation of Hybrid Monolithic Silica Capillary C olumns

Prepared by Changing MTMS Concentration

The comparison of columns packed with small particles, foseel particles, and
monolithic columns have been reporfectviously[3 7 3 975]. D@sinet and cavorkers
examined lte column efficiency between particulate columns and monolithic silica coJumns
using kinetic plotd70, 71]. They demonstrated that the column efficiency of a monolithic
silica capillary column was inferior to that of a particulate column packed witf8 suke m
particlesin a region below 8000 theoretical plates at 40 MPa pressumst,| or atrelatively
high linear velocity.This is because it had not befgasibleto preparea monolithic silica
column with asmall domain size that could provide high column efficiency per unit,time
which is comparable with the efficiency afcolumn packed with small particleSuch a
monolithic column must possess high structural homogeneity.

Other problers of a monolithic silica capillary columarethe smdler retention factors and
thelower sample loading capacity than thesevidedby a particulate columrCompared to a
particulate column, eonolithic silica column showamaller retention factothatcontribute to
the powoer resolution.The latter problem was observebviouslyin terms ofa largevolume
injection or the irgction of a strong solven{76]. These problens are related to the high
porosity of a monolithic silica capillary colunf@bout 95%) [60], which leads tosmall phase
ratios resulting in small retention factors amtbw sample loading capacif#8, 55]. In other
words, the column porosity should be reduced to provide large retention factoashagid
sample loading capacity.

To improve the efficiency at high speed and the sample loading capaeitglithic silica
columns was prepared withincreased | ane concentrations%inn t he
comparison withthe concentration ahe monolithc silica columnproduced from TMOS in
the preceding study [60]. The columns provided larger retention factors accordingly and
greater numbers dheoretical plates than previous columiibe performance was similar to
that of a column packed with 2.5 ¢ mparticles. These results agreed with the suggestion
given by Desmet and eworkers recommendinghe reduction ircolumn porosity taesultin
higher column efficiencies at high spe&8,[70]. However, the retention factors provided by
a monolithic silica capillary column prepared from TMOS were still much smaller than those
obtainable with a particulate columnRPLC.

In general hybrid monolithic silica columns prepared from a mixture of TMOS and MTMS

canpossessigher phase ratios, leading to greater retention factors than those prepared from

-9-
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TMOS in RPLC after octadecylsilylatiof50], although lower columnefficiency was
observed with the hybrid silica coummso f ar simil ar to a col umn
particles [Q]. In this thesis, hybrid monolithic silica columns were prepared by changing the
MTMS/TMOS ratio and the total silane concentrations in the fga&dtion, n order to
investigatewhether it is possible to achieashigh columnefficiencyper unit timeasshown

by the previous TMOS monolithic silica columns having increased phase ratibde
maintaining the larger retention factors tbke hybrid monolithic silica columnsThen, the
characterizationof the monolithic silica capillary columa with an I.D. of 100 em was
performed by size exclusion chromatography (SEG3ing polystyrene standard (PSS
samplesin tetrahydrofuran(THF) and the chromatographic performangas examinedn
RPLC.

-10-
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1.23 Motivation for Study on Effect of Mesoporosityon Column Performance

The elucidation of the relationship between porosity and HPLC performance is of vital
importance for the development or improvement of monolithic silica coluidosever
especially for capillaries, the precise characterization of the porosity (pore volume, surface area,
size distribution of mesaand macropores) is still a challenigecaus ofthe very low amount
of material available in one particular capillary

One of the main objectives of the present study iscdwelate HPLC properties to
variations in porosity of monolithic silica capillaries, applying suitable methodthe
characterization of mesoand macroporosityA conventionaltechnique toanalyse the
porosityof monolithic silicamateriaé is mercury intrusion porosimetry25, 26, 33, 77 79],
but recenthytransmission electron microscopy (TEEHdconfocallaser scanning microscopy
(CLSM) havebeenintroduced awaluablecharacterizatiomethod for the macroporositpf
the capillary column[80i 84]. For the characterization of mesoporosfiysisorptiormethod
is oftenemployed mainlyusingnitrogenat 77 K

Several studies have already addressed the influence of porosity parameters on HPLC
propertiesRegardinghe characterization of monolithic silica rods fti(rogenphysisorption
method it was reported that the mesopore sizes or pore size distribution (PSD) can be
controlledby treatment wittammonia solutiomfterthe phaseseparatio85, 86]. In that case,
the formation of mesopores ithe monolithic silicastrongly depends on pH valuéne, and
temperature fothe immersion in ammonia solutipmvhich isgoverned by Ostwaldpening
[85/89]. To examine column efficiency of conventional monolithic silica columns with
different pore sizes, Guiochon and-workershavereported the effectro masstransferof
solute inmesa@ores in HPLC §4]. Forthe protein separatiowith a monolithic silica column,
the influenceof mesgore size on separation efficiency walseady described[90]. The
aforementioned studieme essentiato understand the effect of hindrance of solute diffusion
inside poresassociated wittthe relationship between moleaulsize of solute and pasity in
separation medium

As a particularly suitable approadbr characterization of column porosity in HEL
inverse size exclusionhromatography(ISEC) can beused[91i 95]. ISEC allowsfor the
determination of PSD of a porous matertialngprecisely defined?SSsampleswith known
molecular weightdissolved in THFThis method is based dhe relationship between the
rotational coildiameterof polystyrene ima solvent andhe correspondingoresin silica [91].

For conventional monolithic silica columns, the parearacterizationhas already been

-11-
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performedby ISEC [77, 96]. It wasdemonstratetty Thommes and eworkers that there ia
reasonableorrelationfor monolithic silica rods between the PSihathematicallyestimated
by ISEC andthe PSDobtainedby nitrogen physisorptiomethod[97]. Thus, ISEC can be
assunedas apracticablemethod toexaminethe mesporosity of a capillary columrbecause
it is accessibldo characterize the mesoporosity directly from HPb€asurementdn this
thesis ISEC was applied tothe characterization ahonolithic silica capillariesn terms of
following aspects

First, the validity of the PSD determined by ISB@s assesseid comparison with the
results obtainedby nitrogen physisorption methagsing monolithic silica rodsprepared by
the similarprocedurs as the monolithic silica capillaries undgudy

Second, ISEGvas employedto investigatethe influence of hydrothermal treatment on the
mesopoosity ofthe monolithic silicacapillaries Hydrothermal treatment involves the generation
of mesopores and is one of the few methods allowing a fine tuning of the mesopafrosity
monolithic silica.As anexample Demesmay and eaorkers performedhe characterization for
TMOS monolithic silicacapillary columns using ISE@nd RPLC to simplify the preparation
procesqd98]. However,in their work, only small moleculese.g. alkylboenzenesnd polynuclear
aromatic hydrocarbon®AHS), were utilized to evaluatthe column performancen HPLC. A
comprehensive understanding of the effect of hydrothermal treatment on column efficiency
requires the employment of solutes with different molecular,sasamentionedbove[64].

As third objective the differences in the impact of hydrothermal treatment between TMOS
monolithic silica columns and hybrid monolithic silica columns were examinegection 6.2
the hybrid monolithic silica columns provide an interesting approactstidy HPLC
performance by demonstrating the influence of MTMS concentration on column efficiency.

Monolithic silica capillaries withan 1.D. of 100 em and monolithic silica rodsvere
prepared witiTMOS and a mixture of MTM&nd TMOS. The hydrothermateatment with
ureawas carried outat 80 °C and 120 °C to form mesoporesFor the examinationof
mesaorosity,ISEC wasappliedto thecharacterizatiomf the bare monolithic silica capillary
columnswith PSSsamplesin THF, and nitrogen physisorptiomethodto that ofthe silica
rods, to comparthe resultdetween themro determinehe effect of hydrothermal treatment
on the column efficiencycorrelaing with mass transfer of solute inside pord® evaluation
of monolithic capillary columns modified by octadecylsilylation was performed with

alkylbenzenes, leucirenkephalin, angiotensin Il, and insulinRPLC,

-12-
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2 Fundamental Theoryof Liguid Chromatography

2.1 Plate Theory

It is statedin the definition of chromatographthatit he sol ut es wi | | el ut
increasing distribution coefficients with e s pe ct to thel[9% Figt2lonary
illustratesthat this is related tathe difference incompatibility of solutes with the stationary
phasein a column It follows that the relative retention otwo compounds(difference in

elution time)in a chromatographisystemwill determinenow well they are separated.

Elution

—

Mobile phase CH,OH - H,0 SoluteB . Solute A

Statlonary phase . .g//
» e

St, H Sk, H § H H S(,,
L S S\ S Si S\ S| S\ S
Si._ Si S| i i i | i
/\\O//I\O//\O/\\O N //\/S/ N AN //\ N /\/'\

Difference in compatibility between solute A and B with stationary phase

o

Difference in distribution coefficient

¥

Difference in mobility
Fig. 2.1 Separation oEompoundsn liquid chromatography

Plate theory is essential tmterpret chromatographic retentioof solute andcolumn
efficiency for separation The theory assumes that the solute is always in equilibriuitin
mobile and stationary phaseluring its passage through the columidowever, the
continuousequilibriumbetween the phases never actuattgursin chromatograpie systens.
To accommodatéhis non-equilibrium condition the conceptestablishedn distillation theory
is adoptedThe column issupposedo be divided into a number of cells or plates shown in
Fig. 2.2. Each cellpossesses a specifengthandthe solutewill spend a finite time in each

cell accordingly The cellis choserto possessuch size as tprovidethe solutewith adequate
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residence time to establish equilibriwmith the two phaseLonsequentlyasthecell is found
to besmaller the equilibriumwill be achievediasterandthetotal plate numbein the column
will be increasedThis indicatesthatthe number of theoretical platgs/enby a column will
be directly relatedo equilibrium rateFor this reasortheoretical plate numbgN) has been
termed column efficiency[99]. It is establishedthat the peak widthpgak spreading is
inversely proportional tethe square root of theolumnefficiency[2]. With an increase in the

efficiency,the peakbecomes narrowerin a chromatogram

Plate Plate Plate
(p-1) (p) (p+1)
Mobile phase Mobile phase Mobile phase
Vim Vi Vi

Xin(p-1) Xon(e) Xinp+1)
Stationary phase Stationary phase Stationary phase

Vs Vs Vs

Xs(p-1) Xs(p) Xs(p+1)

IDEDEND

Column

X, : Concentration of solute in mobile phase
X, : Concentration of solute in stationary phase
Vi, : Volume of mobile phase in one plate

v, : Volume of stationary phase in one plate

Fig. 22. Consecutive theoreticalates in a columf99].

In plate theoryas the zon®f soluteis passed through the first several pla@$ighly
discontinuousconcentration profilas obtained with solute distributeith platesfollowing
the Poisson functiorf99]. However, in mostchromatographicsystems the concentration
profile is reasonably smooth and continuduthe plate numbern) >> 100 is achievedand
peak elution profilecan be consideredas Gaussian functionTherefore various simplified
expressiongor a Gaussian profile argenerallyapplicablen HPLC.

On the other handetentionvolumerepresentthe volumeof the eluent(mobile phaseyvhich is
requiredso thata solutecanpassthrough a column betweéhe injection poinandthe detection

point According to plate theoryetention volume\(,) is determinedby Eq. (2.1)2, 99:
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C
V, =V, +KV, (Distribution coefficient K = C—S) (2.1)

m

whereV,, denoteghe total pore volumg@he volume occupied by mobile phasen column,V,

the total volumeof stationary phase, arkithe distribution coefficieni(partition coefficient)of
solute between mobile phase and stationary phaseldition,C,, is the concentration of solute

in mobile phase an@, that concentration in stationary phakq. (21) shows thathe function

for retention volume istraightforwardand depends solely on the partition coefficient and the
volume of two phases in a colanThis showghat theretention volume istronglyinfluenced

by the nature of a compoundn elutedcompoundis identified by its corrected retention
volume which iscalculated from its corrected retention timea chromatography systeitt.
indicates that the validity of an examination result depends on the measurement conditions,
particularly the constancy of flow rate of mobile pha$e. eliminate the errodue toa
variation of flow rate in each measurement, retention faéfois(generally applied to the

identification of solute. Retention factor is represented by Eq. (2.2).
- s -V
k=K— (Phase ratio —) (2.2
Vm

By using Eq. (2.1) and Eq. (2.2), Eq. (2.3)ldainedo express retention factor withandVpn,.

k=-L_-m (2.3)

However, in generalit is feasibleto calculatea retenton factordirectly from the elution
time in achromatogranprovidedby a data processen HPLC software.The interpretation

for retentionfactoris shown inSection 2.2
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2.2 Chromatographic Parameters in HPLC

Fundamental chromatographic parametdérgainedfrom a chromatograrare introducedn

this sectionFig. 2.3shows the simplifiedillustrationof a chromatogram.

(1) Linear velocity (u): HPLC users need to select a flow rate of mobile phase for setting up

a chromatographic method ihe measurement. Linear velocity)(is often adopted anid is

the resultobtainedfrom dividing column length by the elution timé&)(for a nonretentive

solute

u=L (2.4)

(L: Column lengtht,: Elution time fornonretentivesolute

Moreover the relationship between flow rat€)(and linear velocity |) is represerdd as

below

(2.5)

(F: Flow rateof mobile phaselJ: Total porosityin column r: Radius diameter of column

(2) Retention factor K): In general, an eluted compound can be identified by the retention
factor ), as explained irsection 2.1The retentioriactor k) for a compounds expressetby
Eq. (26).

_t

t -t
=L 0= (2.6)
tO tm

k

(t,: Elution time for retentiveolutg

Eq. (2.6) indicateghat the nonretentive solute spends all its time in the mobile phase,

whereasthe retentive solutespends all its timén both the mobile phase and the stationary
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phaseProvided that there is no size exclusion effect from all or part of the poresolaiss

migrating through the column will spend the same amount of time in mobile pkdke

nonretentive soluteThe dfference irelution time(t, t,) betweerthenonretentivesoluteand
theretentive solutshowsthe time(t,) thatthe retentive soluteemairs in the stationary phase.
Consequently, the retention fact) is expressed athe ratio of the sojourn timety for a
solute in the stationary phase to its sojourn titpg i the mobile phaselhis interpretation
represergthe existence probabilityf @ solute between the two phasesich is associated with
thedistributioncoefficient(partition coefficient)K) in Eq. (2.2) §eeSection 2.1 Therefore it

is recognized that the retention facfky of a solutereflects the chemical and thermodynamic

properties in chromatograyph

On the other handa retention volumgV;) can be calculated bysing flow rate of mobile

phase f) and elution timet(), asdescribedelow.

V, = Ft.

2.7)

V., and V, can berepresentedy Eq. (28) and (29), respectively.Thus Eg. (2.3) can be
obtainedby substitutingthem irto Eq. (2.7)(seeSection2.1).

V. =Ft, (2.8)
(2.9)

(3) Relative retention (U): Relative retentionU) (Selectivity is assesseas the ratio of
retention factors for tweolutes. In general theretention factofk) for a latereluting soluteis
in the numeratoto provide the valuavith larger than 1The relative retentiofl) correlates

with a chemical or thenodynamic entity for separation

Ko

g=Xe
ky

(ko> k) (2.10)

(k,: Retention factor for solutg k,: Retention factor for solut®)
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(4) Plate Height (H): In general, a chromatographandis regard as statistical distribution.
When a chromatographic peak is symmetric, the distribution can be considered as Gaussian
distribution.Plate heightH) is definedby usingsecond momer(ﬁLz: variancg andcolumn
length(L). It is equivalent to the column lengtiatcan provideonetheoretical plate number
(N). As described irSection 2.1this shows that gate height ) corresponds to each cell size
in a columnin plate theoryTherefore, it means that higheslumnefficiencyis achievedvith
smaller value of plate height. In this thesis, this parameter is usedrfgraringnormalized
columnefficiency

G, >

L
H = = — 2.11
TN (211)

(0, : Standard deviatioflength unit)in Gaussian distributioiN: Theoretical plate numbjer

(5) Theoretical plate number(N): As explained irSection 2.1theoreticalplate numbe(N)
is an essentigharameteto representolumn efficiencyas well as plate heighitj. According

to thedefinition of plate heightH), theoretical plat@umberis givenby Eq. (2.12)

Qo
—

(2.12)

Z
I
0
~
-0

Eq. (2.2) can beconverted intoEq. (2.1) by using retentiontime and variance(ﬂtzz time

unit) of peak

Qo
~+
N

(2.13)

pd

I
o
TIP-CJDOz

For atypical chromatographic peakGaussiandistribution curvg, the theoretical plate
number(N) can be calculateffom the peak width YV) onthe baselingas shown in Fig2.3.
In the tangent method, tangents are drawn to the inflection pointstengdak width is
determined from intersection points of the tangents withbéhseline. The peak widtat

baselineis equivalent to four standard deviationgif4of Gaussian distribution curyes
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representeddy Eq. (214).
W =40, (2.14)

Eq. 2.15) is derivad from the relationship between EQ.13) and Eq. 2.14).

N =165 3 (2.15)
(;W =

In addition the peak width dtalf peak heighfW, s) is expressetby Eq. @.16).

(W,5)? =88%In2 (2.16)

(Wy 5 Peak width at half peak height

Consequentlythetheoretical plate numbeanbe calculatedrom the half peak heighfW, s).

~2
N = 5_54%\; g (2.17)

In general, Eq. (28) or Eq. (2.%) has been adopted to calculate theoretical plate number, for
instance, in pharmaceutical chemistry. In this thesis, Eqr)(#«ds applied to the calculation

of theoretical plate number of peaksa chromatogram

(6) Resolution R,): Resolution (R for closely elutingsolutes, 1 and 2,is defined by

dividing theelution time intervaby the mean peak width

atrz ¢

_ ty O
Rs = Zélmg (2.18)

This equationcan beexpressedby the aforementionedparametersyetention factor ),
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selectivity (J and theoreticgplate numberN), as showrbelow[2].

VN, U-1, k
= _ 219
R 4 U 1+k (219

Eq. (2.19) indicatesthe resolution(R,), a setof the three termsncreass with anincrease in
the values of thm. To achievea desired separation of compoundschromatography, it is
vital to control these terms, which is related tomeasurement conditionshe nature of

stationary phase, and column design, etc

R, = 1.84
N = 10000

h ke = 4.00
k, = 4.40

"2l a=1.10

-----------------------

94 96 98 10 102 104 106 10.8 11 11.2 11.4 116
Time (min)

tra
T

Peak intensity

A
Y.

A
--Y_

M

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (min)

Fig. 2.3 Calculation of chromatographic parameters
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2.3 RateTheory

Rate theoryhas been introducetb elucidatethe mechanism opeak spreadingband
broadening)from the relationship between plate heighH) @nd mobile phase flown rate
theory,the mechanisns explainedby threemajor factors with respect towing, diffusion,
and mass transfein generalthe Van Deemter equatiohas beerusedfor represerning the
relationshipbetween plate heighH] and linear velocity) (mobile phase flow)dividing the
effects on peak spreadingto eddy diffusion A-term), longitudinal diffusion B-term), and

mass transfan mobile phase and in stationary ph&Sderm) as shown in Fig. 2.4 [29].
B
H=A+—+Cu (2.20)

(A: Eddy diffuson, B: Longitudinal diffusion C: Mass transfetin mobile phase andh

stationary phase: Linear velocity

H = A + B/u +Cu (Van Deemter equation)

Eddy diffusion Mass transfer between mobile §
and stationary phase. -S" Van Deemter curve

O @ Mobile phase %
. \ ) . . — @
Molecular diffusion in longitudinal ° o
directionin a column. e

[ $

D —— C «dy2/D (\ ,
diffusion D = Diffusion coefficient 1
dp, = particle diameter . . "
Porous particle Linear velocity (u)

Fig. 2.4 Peak spreadingiodelbased ofvan Deenter theory.

The A-term correlating withthe structuralhomogeneity shows thaifferent flow pathways of a
solute result in the band broadeniithe B-term is attributed tothe molecular diffusionin
longitudinal direction in a columiby the spontaneous diffusional phenomendhe C-term
strongly depenslon particle sizebecauséhe contributionof slowdiffusion (slowmass transfeQf
a solutanside porebecomesmalerwith adecrease idiffusion pathin particles For examplethe
C-term isapproximatelyproportional to the square apatrticle sizg§2]. Therefore, it is possible to

provide higher column efficiendyy decreasingarticle sizeasdescribedn Section 1.1
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On the other handthe alternative equatiofor peak spreadindpased on rate theomyas
introducel by Gidding. As shown inFig. 2.4, the Van Deemter equatiopredictsa finite
contribution toeddy diffusionat the limit of zerolinear velocity. In contrast the Giddings
equation shows théte contribution based @ddydiffusionis coupled with that afass transfer
in mobile phase between particles shownby Eq. (221) [2, 25, 61]. Giddings suggesd a
variety of different contributionsto plate heightaccording tohis coupling theory[61]. The

explanations are beyond the scope of this thesis because of the complexity.

2
. C4Dp, . Csmdp u

Dm g u Dm
8

(2.21)

(dy: Particle diameteD,: Diffusion coefficient Cy: Coefficient ofmass transfer in eatbrm)

Furthermore,as a practical approach to examine the properties of a particulate column,

Kennedy and Knointroducedthe empirical equation that contains a term usefukttgsturing
the observed plstof plate height against velocif2]. The equationovercomesone of the
shortcomingsof the Van Deemter equatioand t is valuable in assessing the quality of
packing. The reduced plate heighj &nd reduced velocitys) wereintroducedby Giddings,
in an attempt to form a rational basis for tt@mparison of different columns packed with
particles of different diamete6]]. In the Knox equationareduced velocity3) is appliedto
the representatioimstead ofalinear velocity (i) for theVan Deemter equatioandthe A-term
is correctedempiricaly for Giddings coupling termThe Knox equation isexpressedy Eq.

(2.22), reduced plate heigkh) by Eq. (223), andreduced velocitys) by Eq. (224).

h=ps?+Bics (2.22)
3
h=H (2.23)
dp
dpu
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3 Principle of Preparation of Monolithic Silica

3.1 Formation of Macroporesin Monolithic Silica

Nakanishi and cevorkershave reportedhat monolithic silica materialpossessingpimodal
structure (mesoand macropor@scan be prepared via sgél processing2 428,33 35]. The
monolithic silica isproducedby freezingthe structureduring solgel transitionwhen the
phase separation based on spinodal decomposition is indunettaneouslyThe solgel

transitionis causedy the hydrolysisand condensatigas shown in Fig3.1

Si(OR), + H,0O ——— Si(OH)(OR), + ROH
Si-OH + Si-OH —, Si-0-Si+ H,0

Si-OH + Si-OR ——— Si-0-Si + ROH

Fig. 3.1 Solgel processing

To determine the morphology of monolithic silica, it is importantdatrol the pH of the
reaction solutionFor example, the gelation time famorphoussilica is longestaroundthe
isoelectric pointin the range opH = 2 3, because the polycondetien rateis slowest The
gelation timebecomesshortertoward both directiors of the pH axis [35, 88 89, 10(4. The
macropoe formation of monolithic silica isepresenteds a competitive process between phase
separation and sgel transition.The dynamidehaviorsregardingthe formation ofmonolithic
silica structureare affected by the molecular weight and its distribution of silica oligomers,
compatibility between the solvent mixtures and tligoohers andthe gelation rate, et€herefore,
the resultantmorphology of monolithic silica strongly depends on the compasitcatalyst
concentration in a preparation feed soluf@8, 35]. The compatibility of a systemmontainingat
least one kind gbolymeric speciesan be estimateoly Flory-Hugginsformulation According to

Flory-Hugginstheory, the Gibbs free energy charfg€) of mixing for a binary syfem can be

expressed
éo_ ~ o — ~ e

oG =-Tgb+qH :RT‘.%glnal+%D—2§Inuz+GlzuluZE (3.1)
|’(; 1+ ch2~+ {]

L J \ J
1 1

Entropic terms Enthalpic term
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wheret; andP; (i = 1, 2) denotethe volume fraction and the degree of polymerizatiopamh
componentandG; the interactiorparameter (FlomHuggins parametebetween the components.
The former two tems in the bracketxpresghe contributiors to entropy whereaghe latter term
represententhalfic contribution It is recognizedhatthe mixturebecomes less compatible with
increasingdegreeof polymerizationof eithercomponentsince a decrease in absolute value of
negative entropic terms results in the destabilization of the systenicq. (3.1)Whenthe Gibbs
free energy changep() turns from negative to positivealue in the systeng driving force of
phase separatioarises This demonstrateshat an initially singlephasesolution containng a
polymeriazng componentecomes less stablgth the progressof the polymerizationreaction
resulting inthe phaseseparation A polymerizationreactionwhich consunes polar pars, for
instance, thereaction between silanol groupsnediated in a polar solveninfluencesthe
substantial changa enthalpicerm( Bp during the polynerization

According toEq. (3.1), adecrease either opp5or Tleadstoani n ¢ r e & sodhathasystgm
turns out to bedestabilizedagainst homogeneous mixinthe decrease i is regarded athe
ordinary coolingwhereaghatin gf corresponds tthe polymerization thalecreases the degree
of freedomof the polymerizing componentés shown in Fig3.2, hesedecreasein T andgSare
termedfphysicalc o o | andfidp@micalc o o |, iespagtivelyPhysical coolindprings a mixture
from singlephase to twaphase region bgtemperaturgump, while chemical cooling extends the
two-phase region by incraag chemical bond to include the composition initially located in the
singlephase regiofi33, 35. Regarding theignificantdifference between physical and chemical
cooling,the former isa reversiblechangeand can be controlleattificially, but the latte is often
irreversible and the rate of cooling can be adjustdy by experimental parameteigherefore,
the preparation of monolithisilica with an alkoxysilaneby sotgel transitioncorresponds to

chemical cooling.
Physical Cooling Chemical Cooling

— Binodalline
----- Spinodalline

Single-Phase Single-Phase

Temperature

Two-Phases

Two-Phases

Composition

Fig. 3.2. Comparisorof physical and chemicaboling[33].
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Phase separatiom a binary sgtemis experimentally observeds a formation of two
conjugate phase regiongossessingdifferent chemical compositions, which so-called
Aphase s0d38 mMY.iFor the preparation of monolithic silicahé domain formation
induced by the spinodal decompositioncludes competitive processedetween the
coarsening and sol-gel transition In the coarsening procesthe characteristic size of
bicontinuous structure gns froma shorterto alonger length scale withassage diime. On
the other handhe mobility within the networkbecomesestricted from donger to a shorter
length scaleluringthe polymerization reactianT hus, the resuling morphology isdetermined
by the timing of structure freezing relative to onset and development processdointae

formation duringphase separatipas shown in Fig. 3.3

Phase separation

Gelation

Nonporous structure Bicontinuous structure Fragmented structure

Fig. 3.3. lllustration of marseningf phaseseparatedomaing101].

An alkoxysilanebased sebel process is oftemsedunder presence d watersoluble
polymer for example polyethylene glycol (PEG)poly(acrylic acid), poly(acrylamideand
poly(vinylpyrrolidoné), to induce the phase separat[@8, 33 35]. In the preparation process
with PEG the siloxane oligomers interactng with PEG by hydrogen bonding become
relatively hydrophobiaevith respect tgolar solventluring the polymerizatigrresuling in the
phase separatiomased on spinodal decompositidiig. 3.4 showsthe relatioship between
the stating feedcomposition andheresultant gel morphology in PEG systdBy. changing a
concentration of solventalkoxysilang PEG, it is possible to control macropore size
(throughpore size), skeleton sizemacropore volume of monolithic silicin this systemthe
fluid phase occupied by solvent turns into the macropore phasesfter drying. The
macropoe volumeis determinedby changingthe concentration of solvent in a preparation
feed solution (Macrgpore volume incre@s toward the upper direction in Fig4). On the

other handthe macroporeizeor domain sizes controlledby changng the ratio of PEG to

-25-



Chapter 3

alkoxysilane (PEG/SifMacroporesize decreasetoward to the right direction in Fig.4).
Thus the macropore sizéhfoughporesize and macrpore volume of monolithic silica can

be controlled independently lagjusting thestartingcompositiors [25, 26, 33, 35, 7§.

Solvent

Macroscopic
Phase Separation

Higher Pore Volume

Fig. 3.4. Relatioship between preparation diions andesultingmorphology{28].
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3.2 Formation of Mesopores inM onolithic Silica

It is establishedhat theformation of mesopoesin a monolithic silicamaterialcan be
performedby treatmerg undera basiccondition after the gelationin this case, the formation

of mesopores is governed bhassicalOstwaldripening[33, 35, 85 89, 100.

Fig. 3.5. Mesoporesn monolithic silica

The mehanismcontrolledby Ostwald ripeningcorrelates withthe solubility of solid asa
function of the surface roughnes this process, material dissolves from the surface of large
particles and deposits on the itneachithetat y nar

shown inFig. 3.6

=

Fig. 3.6. Radius of curvature gfarticles andi n e c[10@].0

The surface of an individual particle hepositive radiuf curvature ,), while that of the
narrow neck between particles regaretd as a negative raas of curvaturer(). If it is
assunedthatsolid sphericaparticles possesa very small radiu§) asnucleusthe solubility of
a particleSr) isrepresentely O s t whrdudlich equatiorf35, 87 89, 10Q:

20,V
S(r)= Soexp% (32)
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whereS, denotegthe solubility of a flat plate g, the solid-liquid interfacial energyV,, the
molar volume ofthe solid R the ideal gas constant, afdhe temperatureEq. 3.2) shows
that the solubility is higheron the sharp pointsvith smallerpositive curvature, wikreasthe
reprecipitationis more pronouncedat the cavitiesith smalle negativecurvature[35, 99].
This is related to the strength of the solid while contributing to changeeebporosityFor
a silica material, lte particle sizedepends ornthe pH of the solution as well athe
temperature and pressurAs a consequengcewith a passageof aging under a basic
condition, the roughnesshecomes smoothnd the wholesurfaceis reorganized into that
with only large points and cavities.In this processsmalker pores areremovedand the
whole pore system is reorganized into that with lageres[35]. For the preparation
monolithic silicarod, an ammonia solutions often appliedin the hydrothermaltreatmens
in thebasicconditions[2 4 28, 388. 35, 85

To form the mesopas in a monolithic silica capillary columryrea isutilized for the
hydrothermal treatmentinstead of an ammonia solution[47 50, 60]. In that case,
decomposition of urean an aqueous solution by heaf generate ammona and carbon
dioxide (anaqueous solution cimmoniumcarbonate)which results ina basiccondition as

shown in Fig. 3.7.

Heat

O—0

Urea Ammonia

Fig. 3.7 Decomposition of urea by heating
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4 Preparation Process

4.1 Pretreatment of FusedSilica Capillary

Thepretreatmerstfor afusedsilica capillarywereperformedasshownbelow

(1) A 1 M aqueous sodium hydroxide solution was charged irftsedsilica capillarytube
withanl.D.o f 1 015 2amrm length by a syringeand then théilled condition was kept

at room temperaturier 3 hours

(2) Afterwards the capillary tube was washeavith purewater and them 1 M hydrochloric
acid solutionwas charged into the capillaryhen, he filled condition was keptat room

temperature for 3durs

(3) As the following processthe capillary was washed with watand then with acetone

After washing air was flushed to remowteeresidual acetonky a syringe.
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4.2 Preparation of TMOS M onolithic Silica Capillary Column

A TMOS nonolithic silica capillary colummwas preparedoy mixing TMOS, urea,PEG
(Myw = 10000 (g/mol)), anda 0.01 M acetic acicaqueoussolution,to form the monolithic
silica structurein the capillary withan 1.D. of 100em. Typical preparation conditionfer a

TMOS monolithic silica column are shown in Tallé.

Table4.1

Typical preparation conditiorfer TMOS monolithic silican a capillary

TMOS PEG Urea Acetic acid’ Temperaturé
(mL) (@) (@) (mL) °O)
5.6 1.200 0.900 10 25

My = 10000 (g/mol) (Merck KGaA).
®0.01 Macetic acidaqueousolution

° Gelationtemperature.

1.200g of PEG and®.900 g of ureawere added intd0 mL of a0.01 M acetic aci@dqueous
solutionin a glass vessel. The mixture solution was stirred until the chemical compounds
were dissolved at 0C. 5.6 mL of TMOS was addednto the mixture solutiorat 0 °C and
stirred for 30 min. The homogeneous solution e stirred for 10min at 25 °C, filtered
with a 02 0 m polytetrafluoroethylendPTFE filter, charged into a fusesilica capillary
tube and allowed to react @6 °C in a water bathTheresuling gel was subsequently aged in
the capillary overnight at the same temperature.

Then, a hydrothermal treatment fomebnolithic silicacapillary was performed in an oven
to form mesoporesvith an aqueous solution adimmonium carbonategenerated by the
decompositionof urea, as showm Fig. 4.1 The treatment processegere carried outs

follows:

(1) The temperature was raised slowly from 40 °C to 80 °C fordifdfor a monolithic

silicacapillary.

(2) As the following process, theapillary wastreatedat 80 °Cfor 15hoursand then cooled

downslowly to 40 °Cwithin 5 hours
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(3) To confirm the effect of temperature for hydrothermal treatment on mesopo®sity,
additional treatment at 120 °C for 8urswas performean anothemonolithic silicacapillary

after the heat treatment at 80 °C for bhitg and then cooled down to 40 %@thin 5 hours

140
120
100 |
80 |
60 |
40 ¢
2 [

Temperature (°C)

Time (hour)

Fig. 41. Proces®f hydrothermal treatmembr monolithic silicacapillaries Symbol: Hydrothermal treatment
at 80°C for 15 hours @ ), Hydrothermal treatmeratt 80°C for 15 hours + 120C for 3 hours( < ).

The capillaries werewashed with methanolfor 7 days After drying, a heat treatmenat
330 °C was carried ouffor 24 lours Fig. 4.2 shows the totgbreparationprocessfor

monolithic silica capillary columsusedin thisthesis

Tetramethoxysilane (TMOS)
Urea
Acetic acid q q
Polyehylene glycol (PEG)

1 Materials 2 Mixed solution 3 Injection
:| ODS(C,5) modification
' ' | HPLC instrument
4 Polycondensation (25C) 5 Heat treatment 6 HPLC measurement
Washing

Calcination (330 °C)

Fig. 4.2 Preparation process for monolithic silitea capillary
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4.3 Preparation of Hybrid Monolithic Silica Capillary Column

The preparation of hybrid monolithic silica capillary columrwith anl.D. of 100em was
carried outusinga mixture ofMTMS and TMOS as shownin Fig. 4.3 Typical preparation

conditionsfor a hybrid monolithic silica column are shown in Tab[2

Table 4.2

Typical preparation conditiorfsr hybrid monolithic silican acapillary.

MTMS/TMOS = (15/85) PEG? Urea  Acetic acid’ Temperaturé
(mL) (9) (9) (mL) (°C)

5.5 0480 1.012 10 35

My = 10000 (g/mol) (Merck KGaA).

®0.01 Maceticacid agueoussolution.
‘Gelation temperature.

A MTMS/TMOS mixture was prepared by mixir8 mL of TMOS and15 mL of MTMS.
The mixture $.5mL) was addednto a homogenousnixture solution of PEG @.480 g) and
urea (.012g) ina0.01M acetic acidqueousolution(10 mL) at 0°C and stirred for 30 min.
The homogeneous solution was then stirred for 10 n® &€, filtered with a ®0em PTFE
filter, charged into a fusesilica capillary tube, and allowed to reacBat°C in a water bath
The resultant gel was subsequently aged in the capillary overnight at the same temperature.
Regarding the following processes farhybrid monolithic dica capillary column similar

treatmentswere carried outs well as those for a TMOS capillacplumn as shown in

Section 4.
TCHE TCHS OH OH CH, OH CH OH
i Si I~ -Siv___-Si~___-Si-.
HacO—Ti—OCH3+ |-|3co—Ti—c:|-|3 - :}'\O/i"\o/} oo ZO o }
i _Si I\OA i e,
OCH OCHj o c'::?/l é:so/ﬁoﬂ
TMOS MTMS Hybrid column

Fig. 4.3 Formation ofhybrid monolithicsilica with TMOS and MTMS
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4.4 Preparation of Monolithic Silica Rod

Monolithic silica rods wereproduced under the similar preparation conditionfor
monolithic silica capillary colums(seeSection 4.2 7 mL of a preparation feed solution was
stored in a polypropylene plastic tube and then the gelation occurred in a water lwaté for
day. The hydrothermal treatment for a silica rod at 80 °C for 15 hours was carried out directly
in a polypropylene plastic tubEor theadditionalhydrothermal treatment at 120 °C, a TMOS
silica rod was stored in the solution of urea (0.08L9/prepared witha 0.01 M acetic acid
agueoussolutionin a glasscontainerwhich can withstand the increased pressure at 120 °C,
and a hybrid silica rod imarother solution of urea (0.10rgL). In this case, such solutisn
keptin glass containerwereputin anoven, to decompose the urea simultaneously during the
hydrothermal treatmenprocessat 80 °C fora silica rodin the plastic tubeThen, the
treatment at 120 °C for a silica rod was carried out im&®f that solution for 3 or 4 hours.
Afterwards the silica rodsverewashed with methanol in a glass vessellfodays, and heat
treatment was carried oatt 330 °C for 24 hours in an oveRig. 4.4 shows aiece of

monolithic silica rod aanexample.

Fig. 44. Photograph of mnolithic silica rod
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4.5 Silylation of M onolithic Silica

451 Octadecylsilylation of Monolithic Silica Capillary Column

Theoctadecylsilylatiorof amorolithic silica capillary colummnwas carried ouasfollows:

(1) A bare monolithic silica capillary columwith anl.D. of 100e m was washeavith THF at
aflow rateof 02 ¢ L / by ansyringe pumpor 3 hours andthenwith tolueneat the same

flow ratefor 3 hours.

(2) A 20 % octadecyldimethyN,N-diethylaminosilane (OD®EA) solution in toluene
(Vopspea/Vrowene= 20/80 volume ratiy was prepare@nd then chargedinto the monolithic
silicacapillarycolumn withanl.D. of 100emat a f | o wL/mmingbyaesyringepun@p. 1 ¢
Theoctadecylsilylatiorwas carried out at%°C in anoven forlonger than 2sours as shown

in Fig. 4.5.

(3) After the modificatiorwith the ODS-DEA solution the capillary columnwas washedavith
tolueneat a f | ow r aby @&syrmde pumfoR3 hours/amditherwith THF at the

same flow ratdor 3 hours.

R
R=CH
R e H,C——Si—CH;,
|
o ooH M oH P o
H;C——Si—CHj ~Si-__ _-Si-_ _8iw. Iintoluene "'sti —_ _~Si—___Sin,
| o] | (o] | —_— (0] | (o] |
o) o] o) - o] o) o
A IR R S N
i i i Si i Si—.
HsC> CyHs T o T o T oY o
ODS-DEA Silica surface ODS modification

Fig. 4.5. Octadecylsilylation of monolithic silica
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4.5.2 Endcapping of Monolithic Silica Capillary Column

The endcappindtrimethylsilylation)of an ODSmodified monolithic silicacapillary column

was performees below

(1) An ODSmodified monolithic silica capillary column withanD.of 100 e m was Ww.

with acetonitieat a f |l ow rate of 0.2 eL/min by a syr

(2) A 20 % N-(trimethylsilyl)imidazole (TMSI: see Fig. 4.9 solution in acetonitrile
(Vrmsi Vacetonitriie = 20/80 volume ratig was peparedand thenchargedinto the monolithic
silicacapillarycolumnwithan.D.of 100 em at a fl ow rate of 0.

The reaction was carried out at 8Din anovenfor longer than 24 hours

(3) After the modification withthe TMSI solution the capillary column was washedith

acetonitrile ata flowrate f 0 . 2 byadyringepumpfor 3 hours

"
H3C—Si—CH,

|
)
N
Fig. 4.6. Chemical sructure ofTMSI.

In this thesis, the endcappimgth TMSI was carried out for the HPLC measurements with
the peptidesseeSection 6.3 to prevent peak tailing phenomenon by the interaction between

silanol groups and amino groups in the peptides.

-35-



Chapter 4

453 Octadecylsilylation of Monolithic Silica Rod

The actadecylsilylatiorof amonolithic silica rodvasperformedasfollows:

(1) Crushedbaremonolithic silicawas driedat 120°C in an oven for 6 hours.

(2) Afterwards 100 mg of bare monolithic silicavasputinto a glasscontainer(50 mL) and

then16 mL of toluene was added into thentainer

(3) To preparghe20% ODSDEA solution in toluene4 mL of ODS-DEA was added into the

container

(4) The octadecylsilylationf monolithic silica was carried out at 86 in anoil bathfor 1 100

hours

(5) The ODSmodified silica wasvashedwith toluene ina glasscontainer(10mL) for 5 days

as the solvent was exchanged every @agn the silica was washed witfHF for oneday
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5 Measuremens

5.1 ReversedPhase Liguid Chromatography

HPLC instrumerg were set upto evaluatethe column performancef monolithic silica
capillary columns. Typical measement conditions are as followdPLC pumpwas L-7100
pump (Hitachi)or LC-20A pump (Shimad2uanda Rheodyne 7125 (Rheodyne) wesedin
split injection/flow system The spilt ratio was controlled at about 1/1000 for a capillary
column withanl.D. o f 1 Oirdorder o maintain the high efficiency and reproducibility of
the pumpaboveflow rate of0.3 mL/min [50]. For the peak detectioMU701 UV-VIS detector
with a 2 nLof UV capillary cell (GL Sciences) was employed in a RPLC measurefiest.
chromatographic data were processed witi/ODO HSM software (Hitachi)For the
measurementof an ODS-modified monolithic silica capillary columim RPLC alkylbenzees
(n = 0i 6) were utilize toexaminethe column performance. Uracil or thiourea wasedast,
maker tocalculatelinear velocity as explained irsection 2.4seekEq. (24)). Methanol/water
(VIV) = 80/200r acetonitrile/wate(V/V) = 80/2Q preparedby mixing the solventsvas applied
to the measuremestas mobile phas@he measurementvere carried out at 30C. Fig. 5.1
shows thellustration of split injection system with a monolithic silica capillary column in the

measurement.

mL/min

1:1000
Capillary column
e f-'.-""';] \Q Injector

{ ) 1 Mobile phase from Pump
<4+
Mobile phase into column
Detector
-/

RS WY

Waste Pump Solvent

Fig. 5.1 Schematic representatiof split injection system with a capillary column
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5.2 Size Exclusion Chromatography

Size exclusion chromatograph$ECQ was gerformed with polystyrene standard(PSS
samplesn THF at30 °Cin order toexamine porosityf a monolithic silica capillary column.
The chromatographic measurements weagried outby split injection/flow system as
described irSection5.1. UV detector k2501 Knauej) wasemployedfor SEC measurement
A linear velocity was set td.0 mm/s in the SEC measuremeriisr the peak detection, a
fusedsilica capillary withan1.D. of 30 em was utilized as a UV capillary cell. The cell length
from column outlet to theletectionwindow was always ket 3.4 cmin orderto determine
column porosity exactly.

In the SEC measurements, a flowmeter connected to the outlet of UV capillary cell was
usal. The elution times of a sizexcluded peak and the peak of toluene providing total
permeation volume in SEC were always meastm@u one chromatographic ruvhen he
total porosityof a morolithic silica capillary columnvasmeasuredix timeswith toluene,it
resulted irrelative standard deviation (RSD (%))less than 0.2 % for thgorosity as shown
in Table 5.1 This result suggest that the measurement of porosity for monolithic silica
capillary column in SEC could be carried out without significant deviafrom the
measurementsherefore, the comparison of porosdl monolithic silicacapillary columns

can be discusseaslith confidence.

Table 5.1

Estimation ofthetotal porosity foramonolithicsilica capillary column

Measurerent Total porosity (%)
1 924
2 924
3 926
4 927
5 926
6 924
RSD (%) 0.11
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5.3 Scanning Electron Microscopy

Scanning electron microscopy (SENs a useful technique t@xaminea materialwith
unevenness on the surface by irradiating it vdthelectron beamA sampleis scanned
two-dimensionally bya convergedelectron beam anthe secondary electr@arisefrom the
surface.The amounbf secondary electrons which arise from sample surface depenan
angle of inclination at a radiation pointhen, the secondary electrons are collecteada
amplified. The output from amplifiecorresponds to theodulation signal of brightness in
cathoderay tube (CRT). Theasterscanin SEM instrumentis synchronized with sample
scanning bythe electron beam, and the pictwa the display shosthe magnified image of
the sample surfaceConsequentlyan imageof microscopicunevenness on surface che

observedy SEM instruments. Fig. Bshows theconfigurationof SEM instrumerd

|_U_| Electron gun Display

Convergence lens

Deflection coil

o o B
Objectlens c
e
Secondary electron A : Detector
B : Synchronizier
Sample C : Amplifier

Fig. 5.2. Configurationof SEMinstrumentg107].

A monolithic silica rod was cut with a stainless cuttepreparea piece withathicknessof
about5 mm for theSEM measurementtor a maolithic silica capillary the lengthwas
adjustedwithin 3 5 mm for with a ceramic cutterThe sputtercoatingof a monolithicsilica
rod andcapillarywascarried outwith platinumby HHV Scancoatix (Boc EdwardsGmbH)
for 100 seconds. Thmacropoe structureof a morolithic silica rodor capillarywasexamined

by Leo Gemini 982r MERIN FE-SEM (Carl Zeisg usingafractured surface.
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5.4 Mercury Intrusion Porosimetry

Mercuryintrusionporosimetryis oftenemployedto determinepore size, pore volumeand
surface area of a materiéth. general, mercury ia nonwetting liquidfor a silica material and
does not permeate into the pores under ordic@ngitiors. For Mercuryintrusionporosimetry,
mercury possessing the high surface tensdorced into pores bypplying pressureasthe
driving force.Mercury initially permeates into large poresd then into smaller ones with an
increase in the applied pressurais technique determines tpeessure valuerhichis needed
to force mercury into pores with certain size To calculate pore sizes in a material
theoretically there is an inverse relationship between dpplied pressurep and the pore
diameterP,, which in the simplest case of cylindrical pores is given by the Wash

equation

(5.1)

aU
I
O QM Do
2
(]
8

where g, is the surface tension of mercupythe appliedpressureand g the contact angle
between the solid sample and mercury. In genggals assumed to be 484 mi, which is
the surface tension of pure mercury at 30378].[The contact angle depends oithe nature
of the solid surface and a value of 140 Yénerallyusal in order to compare datin this
thesis this contact angle value was appliegd the measurements of monolithic silica
materials.

The ample preparationf a monolithic silicarod for mercuryintrusion porosimetryis as
follows: a monolithic silica rod waslriedat 120°C for 6 hoursand then70 mgof monolithic
silicarod was put intoa sample dilatometer. The measurement pagormedinitially in the
rangeof low pressurg0.01 400 KPa)with PASCAL 140 (Thermdrisher Scientific) and
then inthatof high pressur€0.1 400MPa)with PASCAL 400 (Thermd-isherScientific).
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55 Nitrogen Physisorption M ethod

This gas adsorption methodis appliedto the characterization of mesoporous materials
Adsorptionis the enrichmenf molecules on aninterfacial layeranddesorption is the reverse
process of adsorptioithe adsorptiomprocesss divided intophysisorptionandchemisorptio:
physisorptioni s t he adsor pt i o nfora uesuling im revesible claege Wa a |
whereaschemisorptionis irreversible change based tmrmation of new types of electronic
bonds (ionic or covalent between theadsorptive andurface.ln general,the physisorption
methodis widely usedfor determiring surface areanesqgore sizePSD, andnesgore volume
of a solidmaterialandthe chemisorptiormethod is employetbr measuringhe dispersity of
metal in a catalygtL03 104].

In the physisorption methodit constantmeasurementemperature the amount of gas
adsorbed in a materiainly depend on the applied pressure When the progress ajas
adsorption stopat certain pressurehie numbersof adsorption molecules = the numbers of
desorption moleculgs the pressureis called iequi | i br i (P .Generallg sur e
AEquilibrium relative pressuréP/P,)0 is appliedto the physisorption measuremerdnging
from O to 1 whereP, is the saturatiorpressureof a pureadsorptiveat a measurement
temperatureln the measuremengnisotherm curvas obtainedfrom plotting the amountof
adsorptive(y-axis) againstherelative pressur@/P,) (x-axis). The characteristiof isotherm
curve is a function of pore size,pore volume and adsorption energy, etdhe types of
isotherm curveare classified by International Union of Pure and Applied Chemistry (IUPAC)

asshown in Fig. 33 [104].

I I
a
X
=
2
8
g B
§
Ele o

Relative pressure —»

Fig. 53. Types of physisorption isotherrfis04].
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For theclassification ofisothermsType | isothermis typical of adsorption in microporous
materials (pore size < 2 nm), whichnnot be analyzdaly the commonBrunauerEmmettTeller
(BET) equation.Type Il isothermis characteristic for noporousor macroporousibsorbers
(pore size > 50 nm)This isothermrepresentsinrestrictedmonolayermultilayer adsorption
As shown in Fig. 8, the stage at which omolayer coverage is complete and multiplayer
adsorptionis about to beginindicatedby Point B (beginning of the almost linear middle
section of the isotherm)lypes lll and V isothermsare obtained for very weak adsorption
interactions the fundamental®f which are not understoodvery well, and these types are
uncommon

Type IV isotherm isgenerallyobservedfor mesoporous materia(@ nm < pore size < 50
nm) [89, 103 104. Its hysteresis loop is associated with capillary condenstdling phce
in mesopores, and the limitingptake over a range of high relative press&/@d). The initial
point of Type IV isotherm is attributed to monolayeultilayer adsorptionbecauset follows
the sameath aghe corresponding part dfype Il isothermshownby the given adsorptive on
the same surface arehaononporous absorbent

Type VI isothermdepends on the system and the temperatunech represents stepwise
multilayer adsorption on a uniform nqgorous surfaceThe best examples of Type VI
isotherms are those obtained with argon or krypton on graphitized carbon blacks at liquid
nitrogen temperaturelp4]. The nitrogen physisorptim methodis commonly appliedo the
characterization o# solid porousmaterial. Inmostcases, the isotherntain beidentified as
Type |, Il, andlIV.

The nitrogen physisorption measurements were perfoonadonolithic silica rodsn an
automated gaadsorption station (AutosorbMP, Quantachrome Corporatiprirhe device
was utilized for standard characterization measurements of nanostructured matter by nitrogen
sorption isotherms at 77 K. The instrument software supported the standard data reduction
algorithms such aBET andBarettJoynerHalenda (BJH) methofibr typical pore geometries
Monolithic silica rods wereput into standard glass tubes and were stabilized hat t
measurement temperatuf&/ (K) kept by liquid nitrogen in standard cryostathe isotherms
were measured up to 0.9 the relative pressureP(P,). Before the measurements, the

crushedmonolithic silica rods were evacuated for 6 h at 120 °C.
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5.6 Infrared Adsorption Spectroscopy

Infrared (R) adsorptionspectroscopys usel for identification ofa functional groupn a
chemical compoundA total IR spectum from a specific molecule is individually
characteristic, buan inherent absorption baddeto each functional grquin the moleculas
observablan a range of identifiable frequenciddie position ofa specific absorption band is
generdy representedn units of wavenumber (cif). The infrared raysn the range of 100
cm® to 10000 cm! are adsorbed by an organic molecule and converted into the energy of
molecular vibration. Although the absorption mechanism is quantized, theuspeiitra
molecular vibration appesmot as a linebut asa zonation becausa variety ofrotation
energiesvary with the change of one vibration ener@p§ 106. In general the adsorption
bands which appearin the range of 408m* to 4000 cm’*, areessentiato obtainsignificant

information on a chemical structureFig. 54 showsthe illustration for an IR adsorption

measurement
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Fig. 54. IR adsorptiormeasurement

(1) KBr (Potassium bromide) tablet method: KBr tablet method isoften appliedto the
preparation of a solid material in Bisorptionspectroscopyl.5 mg of monolithic silica and
100 mg ofpotassiumbromide (KBr) wereputinto a mortar The mixture wagrounduntil it
beame fine and homogenous. KBr die and bolts wasized to preparean IR pellet by
pressing. After thereparationof the IR pellet, the IR adsorptionmeasurement was carried

out for monolithic silica materialgith IFS 25 Bruker OpticsGmbH).

(2) ATR (Attenuated total reflection) method: Attenuated total reflection (ATRnethodis

used toprovide a qualitativespectrumfrom a material without the influence of sample
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thickness which is relatedto the adsorption intensity im transmission methoddn IR beam
passes through ATR crystal so that it can reflect at least once off the internal surface in contact
with the sampleThis reflection forms an evanescent wave which extendgheteample by a
few micrometersaand he passingoeamis collected bya detectorFig. 55 showsthe schema
of anATR system.

A monolithic silica material waground to producethe fine powder. Then, thesilica
powderwas put on the ATR crystal boarilomogeneousland then the measurement was
carried ouby IFS 48 Bruker OpticSGmbH).

Sample in contact
with evanescent wave

To detector

\ Infrared beam\ ATR crystal

Fig. 55. lllustration of ATR system 107].
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5.7 Thermal Analysis

Thermal analysis is defined by International Confederation for Thermal Analysis and
Calorimetry (ICTAC) In this thesisthermogravimetry (TG) and differential scanningcalorimetry
(DSC) were applietb the thermal analysis of hybrid monolithic silica, to confirm the thermal
stability of methyl group inside thieybrid material. The definitions andtilities of TG and

DSC areshownasfollows [108:

(1) Thermogravimetry (TG): iA t echni que i n which the mass of
time or temperature while the temperature of the sample, in a specified atmosphere, is

pr ogr ammevdriations ih ls@ample weighinduced by oxidatiomeduction, thermal
decompositiorand adsorptiomlesorptioncan beexamined TG is appliedto the evaluatiorior

the thermal stability and analysis of reaction rate. Fig(a%.shows a TG instrumerfibr

thermal analysis.

(2) Differential scanningcalorimetry (DSC): i A t echni que i n which the t
unit, formed by a sample and a reference material, is varied in a specdigém and the
temperature difference between the sample and the reference material is measured as a
function of tempe at ur e . thesi§ thenHeat Rlux DSC method iased[108). The
difference in temperature provides the informatanthermal transformation and reaction
induced by heatDSC enables the examination of th@nsitions e.g. meltdown, glass
transition, and crystallization. Rtiermore, the chemical react®nvith respect tdhermal

curing, specific heatcapacity and purity analysis are also measureable. As another
measuremenimethod differential thermal analysis (DTA) also deects the difference in
temperature between a sample and a referasogell as DSCHowever, lhe measurement
objectve is the samefor DSC and DTA.In the case of DSC analysithe temperature
difference isexpressedas a heat capacity per unit timeM = J/sec).Fig. 56(b) shows

schematicef a DSC instrument.
Typically, the thermalstability of 50 mg of monolithic silicavas examinedby using TG

and DSC.The measuremestwerecarried outin atmosphdc conditionsat a heating rate of
5 °C/min by Netzsch STA 409 PC (Netzsch)
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Fig. 56. Schematic representatiohthermal analysisistruments(a) TG (b)DSC [L0§.
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5.8 Elemental Analysis

In elemental analysishe elements constitutingn organic compound, Carbon (C), Hydrogen
(H), and Nitrogen (Ntan be determineoly convering the componenténto H,O, CQ, and N
guantitatively.In the measuremend, sample isinitially decomposed a combustion furace
after weighing An organic compounavill be convered into gas by heat decompositiat
hundreds of degreesor a residual substance which still rensaas a carbide, the heat
decomposition and oxidation are carried out by flowing helium(gasier gas)mixed with
oxygengas to resultin the gasificationThe gass pass througtie oxidation furnace packed
with chromium oxide andsilvered cobaltousobaltic oxideand then througlthe reduction
furnace packed with high quality coppEeO and CQgasesriseduring the oxidation process
whereas nitrogen oxide is converted intoglls and the removal of excess oxygen is performed
in the reduction prazss.The mixed gass including HO, CQ, and N are delivered by helium
gas and then separatbg a columnin gas chromatography (GCEach component gas is
detected witha thermal conductivity detector (TCD)Thus, it is possible to carry out
guantitative analysisn terms ofthe componentsC, H, and N, toexaminethe elemental
composition of a compound or the organic corgtgna materialFig. 57 shows the instruments

of elemental analysis.

N, CO,

H,0

b

Cu

Oxidation Combustion
]
2] '

Reduction

W@i%

GC Column Software

Fig. 5.7. Instrumentof elenental analysi§109.

5 mg of monolithic silica wasneasured bf’HN-Analyzer Carlo Erba 110@hermo Fisher
Scientifig. Bare monolithic silica as well as monolittsdica modified byoctadecylsilylation
was employedto the measurement$he @mbustionof monolithic silica was carried out at
900°C and therthefollowing processesvere the same atescribedabove In this thesisthe

carboncontent $6C) wasdeterminedor the monolithic silicamaterials
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6 Results and Discussioms

6.1 Characterization of Monolithic Silica Rods

6.1.1 SEM Observation for Monolithic Silica Rods
Fig. 6.1 showsSEM photographs for monolithic silica rogsoducedwith TMOS. In this

case,the PEG contentonly differed between the feed solutionlut the other preparation
parametersvere the same as shownSection 4.2see Tablet.1). It can berecognizedthat
the macropore sizef monolithic silica decreases withe increasein PEG amountThe
influence of PEG on monolithic silica structure agresesll with the results reported
previously[26, 28,33, 78. Therefore, i should be emphasized that PE@ountin thefeed
solutionis an essential paramet@r controlthe macropore sizer domain siz€da combined

size of througkpore and skeletorgf monolithic silica.

(b) TMOS silica (1.150)

Y
p2Y

(d) TMOS silica (1.220

Fig. 6.1 Scanningelectron micrographs of monolithic silica rods prepavdath TMOS. The number
shown in parenthesis indicates the PE&nount(in units of gram)in a feedsolution Scale bars
correspond to 16m (x3000).
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6.1.2 Mercury Intrusion Porosimetry for Monolithic Silica Rods

Fig. 6.2shows the relationship between cumulative pore volume and pore diametérewith
TMOS monolithic silica rodswvhich wereused for the SEM measuremeritéercury intrusion
porosimetryis usefulto examire thechange oporosity ofthe monolithic silicarods quantitatively
whichis due todifferert amoung of PEGIn a preparatiorfeed solutior{25, 33 7§. As seen in
Fig. 62, it is possible toobservethat themacrgore sizedecrease$ r om 2. 1 e m t o
significantly by increasing thdPEG amount from 1.100 g to 2@ g. This proves that the
macropore sizelecreasavith theincrease iIrPEG amountasconfirmedby SEM [26, 7§. In
addition, the mespore sizeshowed the similar value (516 nm) for all the silica rods
Furthermorethe total cumulative pore volume (mesand macropore volumaeyas similar
(28302940 mni/g), becauseboth the macre and mesopore volume fail the silica rods
showed no significantvariationdespitethe change othe PEG amountin this casethe same
preparation procedures weeeployedfor all the silica rods except fothe change oPEG
amoun in the feed solutiors. Therefore this resultdemonstrateshat the change of PEG
amount provides no significant influence bath the macre and mesopore volumand the
mesopore sizehut affects the macropore size or domain.slte sameinfluence of PEGn
monolithic silicastructurewas reported previouslyy Nakanishi and cavorkers[26, 33.

With respect to amccurateevaluation of mesopore size distributiontloé monolithic silica,
the adjustment of contact angle between mercury and solid sarapleuggested by Unger and
co-workers(seeSection 5.%[79]. The effect of contact angk g = 140 °(standard angle for
silica material)and g = 145 ° on PSD was examinedby the aforementioned authar#t was
shownthatthe resul obtained fromanangleof g= 145 ° correspondedell to thoseobtained
by nitrogen physisorption methotHowever, it should be emphasized that the consideration
about adjustment of contact angléasfrom the objeate in thisthesis In the present study, the
measurementef monolithic silicaby mercuryintrusion porosimetrywere dedicated to show
the similarity regardingnesopore volumand mesopore sider the TMOS silica rods

Ontheother handfor a hybridmonolithicsilicarod prepared with TMOS and MTM&,was
not possibleto correlatemes@ore sizeto that obtainedby using nitrogen physisqgation (The
peak was distorted significantlyr disappeared This phenomenon has not been observed for
TMOS monolithicsilica. t canbe suggestdthat the structurenight have collapseduring the
measurementThe low mechanical stabilit)can be ascribetb the lack of siloxan@etworls
because of the presence of methyl geon@ hybrid material For examplethemeasurement of

mes@ores below 20 nm needs highetrusion pressure than 100 MP# force mercuryinto
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the poes. Therefore, for hybrid monolithic silica,the examinationby mercury intrusion

porosimetryshoud be dedicated tobserve macropores
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Fig. 6.2 Cumulative pore volumef TMOS monolithic silica roddy mercury intrusion porosimetry
Symbol: TMOS silica (1L00) (A ), TMOS silica (1.50) (O ), TMOS silica (200) (O0 ), TMOS silica
(1.220) (V ).Hydrothermal treatment at 8UC for 15 hours was carried out fail the silica rods as
describedn Sectior4 4.

Fig. 6.3 shows the comparison cimulative pore volume dhe TMOSmonolithic silica
rodsin the rangeof 50 nmto 3000 nm The slope othe curvestends to besteegr with the
decrease ithe macropore sizeas showrby the ellipsoidal mak with dashed line in Fig6.3.
Moreover the measurements of macropores (pore size > 50ware carried out below 30
MPa. Even for hybrid monolithic silica columng, hasneverbeen observed that the losk
column performanceesultsfrom the collapse of structutg to40 MPa in HPLC 5, 56]. It
supports that the collapse of monolithic silica structuseas negligible during the
measuremestof macropore®y mercuryintrusionporosimetry Consequentlhyit is suggested
that it is still hardto controlthe structuralhnomogeneity of macroporeghenthe macrgore
size (or domain sizejlecreases witlthe increase INPEG amount irthe feed solution, as

reported previously by Cabrera andworkers [/§].
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Cumulative pore volume (mm?3/g)

50 nm Pore diameter (nm)

Fig. 63. Cumulative pore volumeurvesof macroporesvith TMOS monolithic silicarods. Samples ar¢he
same as shown in Fig. 6.Zhe logarithmc value of pore diameter at-axis was normalized The

ellipsoidalmark withadashedine is shown to emphasize the steeper slop of TMOS silica (1.220).

Fig. 6.4 showsthe cumulative macrgore volumeobtained for TMOS and hybrid
monolithic silica materialsHybrid monolithic silica rods were preparathder similar
preparation conditionssshownin Section 6.4see Table6.3). In the following, the hybrid
monolithic silica names are designated according to the volume ratio of MTMS to TMOS in a
silane mixture: for example, a hybrid silica prepavdgth MTMS/TMOS (V/V) = 15/85 is
expressed as hybrid (15), indicating the ratio of MTMS in parentheses following the silica
materialname(Note that the namesfor hybrid monolithic silicafollow that classificationin
this thesis).Monolithic silica rods with similaaveragemacropore size werexaminedto
eliminate theinfluence of the decrease in macropore size the structuralhomogeneity
which is shownin Fig. 6.3. A difference in nacropoe volumebetween the silica rods is
supposedo be related tdhe structural shrinkage antie amount of a silica precursor the
preparatiorfeedsolution[25].

The ®mparson ofthe hybrid(15) silica rod to the hybrid(25) silica rod reveas that the
PSDof the hybrid(15) silicarod s significantlynarrowerthan thaof the hybrid(25) silicarod.

This suggestshat the preparation conditiofe the hybrid(15) silicarod aremoreappropriate
to provideincreasedstructuralhomogeneity compared tbhoseof the hybrid(25) silicarod. In

addition,the slope of the curve obtained frahe hybrid(15) silicarod s slightly steepethan
that from TMOS silica1.200)rod in the range of small pore sizeEheseresults showthat

PSD of monolithic silicdbbecomes wider withtheincrease in MTMS concentration the feed
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solution Therefore, iis assumedhat the control of hybrid monolithic silica structure is more
difficult than that of TMOS monolithic silica structure because of the difference in reactivity
between TMOS and MTMS.
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Fig. 6.4 Cumulative pore volumeurvesof macroporesvith TMOS and hybridmonolithic silicarods.
Symbol: TMOSsilica (1,200 (A), hybrid(15) silica (©), hybrid(25) silica (). TheMTMS content (%)n

a feedsolutionis shown inparentheses followinthe silica materialname.

Fig. 6.5 shows the SEM photographsinvestigatethe structues for the TMOS and hybrid
monolithic silicarods It is seen thathe structuralhomogeneityof monolithic silica decreases
with theincrease in MTMSoncentrationasdemonstratetly mercuryintrusionporosimetryFor

monolithic silica capillary coluns) similar result@reobtainedn Section 6.2seeFig. 6.22)

(b) Hybrid(1

Fig. 6.5 Scanning electron micrographs of monolithic silicastddamples artne same as shown in Fig. 6.4.

Scale bars correspond to 4 (x3000)
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6.1.3 Nitrogen Physisorption Measurementsof M onolithic Silica Rods

6.1.3.1 Importance of Hydrothermal T reatment with Urea

Fig. 66 shows the isotherm curvesbservedfor two TMOS monolithic silicarods by
nitrogen physisorption metho@he difference is onlyhe presence/absence hofdrothermal
treatment aB0 °C for 15 hourqseeSection #4). The nontreatedTMOS silica rodprovidesa
Type | isotherm showingthat the materialis microporousas explained irSection5.5. In
contrastthe TMOS monolithic silica rodreated at 80C provided a Type IV isothem. It is
obvious thatthe presenceof PEG in the feed solution provides no contributionto the
formationof mesopores ithe monolithic silica materialas reportegbreviouslyby Nakanishi
and coeworkers B3]. Therefore, it isunderstood that the hydrothermal treatment with urea is
vital to form mesopor® in the monolithic silica materia{Note that in all cases the treatment
at 80 °C is mandatory to obtain a we#fined monothic structure and mechanicakyable

monolithg.

Volume (cc/g)

Fig. 66. Isotherm curves obtainddr TMOS monolithic silica rods. SymboTMOS monolithic silica rod
without hydrothermakreament (}/ ), TMOS monolithic silica rod treated at ®Dfor 15 hours A). The

hydrothermal treatment was carried out as shov8ettion 4.4
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6.1.3.2 Examination of Porosity of TMOS and Hybrid Monolithic Silica Rods
In order toinvestigatethe influence of hydrothermal treatment mesoporositymonolithic

silica rods were prepareghder different hydrothermal conditiongs shownin Section4.4

(Note that the treatment conditions for monolithic silica rods correspond to those for the
capillary columnsusedin Section 6.3 In this case, théydrothernal treatment procedures
differ only in thepresence/absenoé an additional treatment at 120 f& 3 hours or 4 hours

Fig. 6.7(a) and6.7(b) show thenitrogen physisorptiomsotherm curve®btainedfor TMOS
and hybri@15) monolithic silica rods All the silica rodsshowType IV isotherns according to
the classificatiorof IUPAC. The additional hydrothermal treatment at 120 °C for 3 or 4 hours
significantly changeshe isotherm curvs, thusinfluencing the mesoporosity This trendwas
observed for both TMOS and hybd) silicarods

Fig. 6.8(a) and @8B(b) show the PSDbservedor the monolithic silica rodey the BJH method
(desorption)and the plots of cumulative pore volume against pore diamessgzectively.The
additional treatmerat 120 °C forTMOS andhybrid(15) rods provided larger pores and a wider
PSD than the hydrothermal treatment af@pas shown in Fig. 8(a). Whenthe pH value oh
solution of urea (0.09 g/mL) @0.01M acetic acicaqueousolutionwas examineat 23°C, the
solution exposed to hydrothermal treatment at°@0for 15 hourgprovided pH = 9.8and the
solutiontreated additionally at 120C for 3 hoursyieldedpH = 10.2 The high pH values result
from the transformation frora solution ofurea toan aqueous solution ammoniumcarbonate
by heaing (seeSection 3.2 This interpretation is supported by the observation ahstlution
heated from room temperature to 80 °C during 10 hpassessed pH value of 8.1which
changed fronpH = 3.7 of the northeatedsolution. These results show that the solutions of urea
can providebasic conditionsrequiredfor generating mesopores in siliche PSD becomes
wider and the average mesopaiee doeslarger with highertemperature and a larger pH
value by Ostwald ripening This agrees well withthe resultsobtainedfrom an ammonia
solutionwhich was useth the previousreports[85, 86].

The presenstudy also allowed for the comparison of TMOS and hyhil®) silica rods
regarding the influence of the additional hydrothermal treatment at 120 °C. The influence of
methyl groups on the formation of mesopores alasadydescribed for MTMS monolithic
silica [53]. Theresultshown in Fig. 6.&uggests that it is one difficult to obtain hybri¢L5)
monolithic silica rods featuring wetlefined mesoporesf 12  In®, which isthe common
mesopore size afmonolithic silica separatiormedia in HPLC. The additional treatment at

120 °C results in an increased mesopore size, but the fB\SBybrid(15) silica rodis
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substantially wider and less definedmpared tdhat for TMOS silica rodstreatedsimilady

(see Figb.8(a)).
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Fig. 6.7. Isotherm curves obtaingdr monolithic silica rodsby nitrogen physisorption methoda) The
curves obtainefor TMOS monolithic silicarods (b) The curves obtainefdr hybrid(15) monolithic silica
rods. Symbol TMOS silicarod treatedat 80°C for 15 hourg A), TMOS silica rod treatedat 80°C for 15
hours+ 120°C for 3 hours(x ), hybrid15) silica rod treatedat 80°C for 15 hourq 0), hybrid15) silica
rod treatedat 80°C for 15 hourst 120°C for 4 hours(+).
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Fig. 68. Pore characterization ahonolithic silica rodsby nitrogen physisorption methoda) Pore size
distribution obtained bythe BJH method (desorptionjb) Plots of cumulative pore volumeagainst pore

diameter Symbols are the same slsownin Fig. 67 for the silica rods.

In addition, the cumulative pore volume cungi®wthat a hybri¢l5) silica rod possesses
more small poresbelow 80 A compared tahe TMOS silica rodpreparedat sametreatment

temperaturesgeFig. 68(b)). Especiallya hybrid(15) silica rod treated at 80 °C for 15 hours

-B5-



Chapter 6

possesses larger volume ofsmall pores compared to other silica roBer example for
mesoresbelow60 A, the hybrid(15)silica rod featuresa 1.8 times larger pore volume (0.42
cc/g) than the TMOSilica rod treated at 80C for 15 hourq0.24 cc/g).A pore volumeof
0.05 cc/gwasobserved fothe hybrid(15) silica rodtreatedat 120°C for 4 hoursandthat of
0.02 cc/gor the TMOS rodreatedat 120°C for 3 hours.

On the other handthe Non-Local Density Functional Theor¢gNDLFT) method was
applied on the adsorption brancm, evaluatethe mesoporosity[110, 111]. The results
obtained bythe NDLFT methodwere compatiblewith those obtained byhe BJH model
(desorption) (not showref. ref. [117). For thecharacterizatiorby the NLDFT method, no
microporositywas observable, particulpr not for threesilica rodstreated at 80 °C for 15
hours, which was supposedo provide a large volume of small pores than theilica rods
treatedadditionallyat 120 °C[112. However,the application oBJH modelto determining
PSD ofthe silica rods showsthat the presence ahicropores isstill considerablealthough BJH
modelunderestimaspore size compared to NLDFT modab, 97. Fromthe PSDsshownin
Fig. 6.8(a) it is assumed that hybr(dl5) silica rod treated at 80 °C for 15 hours possesses
larger volume ofnicroporeghanthe othersilica rods

The differences in the mesopore size at similar pore volume are in line with the surface
areas determined from the BET approach (see TaliJe the materials possessing a larger
mesopore size featured an accordingly smaller surface area, and vicelablsé.1 shows

mes@ore sizgpeak maximur BET surface area and pore volume of monolithic silica.rods

Table 6.1

Pore size, BET surface area and pore volaf@onolithic silica rods

. Pore size Surface area Pore volume
Silica rod 5
A) (m7g) (cc/g)
TMOS-80-15h 80 668 12
TMOS-120-3h 154 352 11
Hybrid(15)-80-15h 67 746 11
Hybrid(15)120-4h 154 380 10

aThefollowing numberafter material nametandgor the temperature ofiydrothermal treatment, and
the lastnumber forthetreatment timelFor example, the treatment8f °C for 15hourswas carriedut

to TMOS80-15h and theadditionatreatment at 120C for 3hours toTMOS-120-3h.
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6.1.3.3 Effect of MTMS Concentration on Mes@orosity
To elucidatethe effect of MTMS on mesoporosity, TMOS and hybrid(25) silica,rvdated

at 120 °C for 3 hours or 4 hoursrere comparedFig. 69(a) and @(b) show the PSD
determinedfor monolithic silica rodsby the BJH method (desorption) and the plots of
cumulative pore volumegainst pore diameterespectively.These results show thdhe
hybrid(25) silica rodreated additionally at 120C for 4 hours (hybrid(25120-4h) possesses
a larger volume ofmall porescompared tarMOS-120-3h. A similar resultcan beobserved
for hybrid(19-120-4h in the range of pore sizbelow 80A, as shown in Fig. 6.8. Bupports
thatthe hybrid(15)120-4h showsslightly higher surfae area than the TMOG®0-3h, as shown
in Table 6.1 Thereforejt is evidentthat mesopore sizes the hybrid monolithic silica become
smallerwith the increag in MTMS conentrationin the feed solution This finding suggest
that hydrothermal treatment at higher temperatame longer treatment time necessaryor
forming largermesopores ia hybridsilicamaterialwith increasingheMTMS concentration
On the other handhybrid(25)120-4h possessea smallervolume of small poresompared

to hybrid(15)80-15h, which showsthe highestcontentof the poresbelow 60A amongthe

materiak understudy,
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Fig. 69. Pore characterization of monolithic silica rods frogen physisorption methoda) Pore size
distribution obtainedy the BJH method (desorptionjb) Plot of cumulative p@ volume against pore
diameter TMOS-120-3h (X ), hybrid(15)80-15h (0 ), hybrid(25) silica rod treateat 80°C for 15 hourst
120°C for 4 hours(hybrid(25}120-4h) (= ).
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6.1.4 IR Adsorption Spectroscopy forMonolithic Silica Rods

6.1.4.1 KBr Tablet Method
Fig. 6.10 showsthe IR specta of monolithic silica rodsnvestigatedby using theKBr tablet

method Different MTMS concentratiogin thefeedsolutionwereemployedo producdour kinds
of monolithicsilica rods according to the similar preparation conditishewnin Section 6.4see
Table 6.3. The broad adsorptionband at 32003700 cm* and 1640 cmi* are ascribed tathe
vibratiors of Si-OH groups whichareassociated withdsorbed wate(Notethatin the case ahe
KBr tablet method, the specific absorptibands gererally appear aB450 cni and 1640 cr,
because KBr adsaslwaterfrom atmosphereasily[106). The absorptiorband at 29802850
cm® are attributed tsymmetric and asymmetric stretching oHGgroups, and those a1420,
1277, andaround 80@ni” to the vibrations oBi-CHs terminak [105, 106, 113 117]. In addition,
the broadadsorptiorbands at 1000 1200cmi* andthe bandat around800 cni* wereprovided by
the vibrations ofSi-O-Si groups [106 114 115 117. Although te adsorptionband at around
800 cnt overlap thebands of Si-CHs groups, itis possible tmbserve thshape variationsf the
bandsi n t he r ange". With theinbréase8irBITMS cancentrationn the feed
solution the intensitsof theadsorptiorband due toSi-CHs groups were increasaignificantly,
especially for thebandat 1277 crit. Thereforethis finding suggestshat more methyl groups
(-CHs) canbeintroducednto themonolithic silicaby increasing MTMS concentration thefeed

solution
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Fig. 610. Infrared spectra of monolithic siliaads by KBr tablet methodSample (A) TMOS silica, (B)
hybrid(10) silica, (C) hybrid15) silica, (D) hybrid(25) silica. The wavenumberangesof the bands due to

Si-CHj; groups arerepresentediith yellow color.
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6.1.4.2 ATR M ethod
Compared tothe KBr tablet method,the ATR method enablesthe elimination of the

influenceof wateradsorbedoy KBr tabletin the measurementThus,it is assumed thahe
effect ofwateron aspectrumshownby the ATR method depergbn the adsorbed amount due
to the nature of enonolithicsilica material.

Fig. 6.11showsthe IR spectra obtained for monolithic silica rdgsthe ATR method.The
adsorption banddueto SFOH groupswere detecte@t 3200 3700cm™* and 1640 cil, and
the bandof Si-CH; groupswere observedt 1277cmi’ and 750850 cni', as seenby the
KBr tablet method An increag in MTMS concentration in a feed solutideads to lower
intensities ofthe adsorption bands at 32@¥00cm™ and 1640 cm. For the characteristic
bandsat 1277cm™* and 750850 cni’, the sametrends wereobserveccompared to the results
obtained byKBr method.These results show that tamountof methyl groups increases with
the decrease in adsorbed water contenttbe silica surface.lt is suggestedhat the
hydrophobicityof the hybrid silica supposed tbinderthe adsorption ovateron the surface
increass with increasingthe content of methyl groupsQHs) introduced by MTMS
Therefore,it is concludedthatthe hydrophobicity ofthe hybrid monolithic silicais enhanced

with theincrease irthe MTMS concentration
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Fig. 611. Infrared spectra of monolithic silica by ATR method Sample arethe same as thosghownin

Fig. 610. Thewavenumberangesf the bandslue toSi-CH; grougs arerepresentedith yellow color.
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6.1.5 Thermal Analysis of M onolithic Silica Rods

As shown in Fig. 6.12the hermal stability of monolithic silica redvas examinedinder
atmospheac conditionsby usingTG and DSCIn this casea heat treatment at 33 after
washingwas not carried outfor the silica rods to confirm the thermal stability of methyl
groups at this temperaturexactly. The results obtainetly TG showa weight lossdue to
adsorbed watdrelow 200 °C [116 11§. In addition, it was reported that the wei@igs below
400°C is assumed to result from the removal of unreacted alkoxy groups or the polymerization
of residual silanols in the silica gelslg. Up to 400°C, the weight loss of 7 % was detected
for a TMOS monolithic silica, and that of 8 % for a hybrid(25) monolithic silica

For the hybrid(25) monolithic silica, it was possible to detect an exothermal peak at about
400 °C by DSC. This is ascribed to the decomposition of methyl grouas reported
previously 114, 116 11§. Subsequentlya significant weight loss, close td %, was
observed for the hybrid(25) monolithic silica from 40D to 600 °Cby TG. This resultis in
accord with the previous repsidbtainecby TG and DTA [1L16 118|.

In this thesis a heat treatmerat 330°C was carried out fothe monolithic silica rod and
capillary colums. As shown in Fig. 6.12(b), is obviousthat methyl groups ithe hybrid
monolithic silica are stablenderatmosphdc conditionsup to 400 °C. Therefor¢his proves
that theheat treatmerdt 330°C is properfor methyl groupgo remainin thehybrid materials.
Furthemore the results obtained bR adsorption spectroscopsupport this conclusion
because of the detection of the characteristic adsorptiads due toSi-CHs groups inthe

hybrid silica materia (see Fig. 6.10 anglig. 6.11)
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Fig. 612. Thermalanalysisof monolithic silicarods. (a) TG andDSCcurves obtainedof TMOS silica (b)
TG andDSC curves obtainedf hybrid(25) silica. Heat treatmenat 330°C was not carried ouor the
monolithic silica rod. The ellipsoidal mark with dashedline showsthe exothermal peak due to the

decompositiorof methyl groupsThebrokenline expressetheregionsgivenat 330°C.
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6.1.6 Elemental Analysisof Monolithic Silica Rods

6.1.6.1 Elemental Analysisof Bare M onolithic Silica Rods

Fig. 6.13 showsthe relationship betweehe carbon content%C) andthe mole fractionof
MTMS in a MTMS/TMOS silica mixture. When different TMOS silica rods eve evaluated
threetimes the carbon content%C) was negligible The preparation of TMOS monolithic
silica need largerPEGamounts, supposed to consumeretime for the removal bwashing
in comparisorwith thoseof hybrid monolithic silica, as shown Bection 6.4see Table 6.3).
Thus, the aforementionedesult suggests that theneas no influence of PEG on thecarbon
content (%) for all the monolithic silica materialdecause similar washing process was
carried out forll therods usedin this thesis.

The carbon conten{%C) of the hybrid silicaincreased linearly with an increase in the
MTMS concentrationn thefeedsolution It is evidentthat methyl groupareintroducedinto
the hybrid monolithic silica quantitatively by changing MTMS concentratiornthie feed
solution In addition,when carbon content (%) was assessedith hybrid(15)}80-15h and
hybrid(15)}120-4h (seeTable6.1), 24 % wasobtainedfor hybrid(15)}80-15h, and & % for
hybrid(15)}120-4h (seeSection 9.2 Furthermore, when hybrid(18)20-4h was measured 3
times, the valugweredetermined within 2122.4 %.Therefore these resultsuggest thathe
differene in hydrothermal treatmengsults inno significant influence othe carbon content
(%C), and the contentthus only depends on the composition afMTMS/TMOS silica

precursor mixture.

1%}

Carbon content (%C)

0246 81012141618202224262830
Mole fraction of MTMS (%)

Fig. 613. Relationship between carbon content and mole fraction of MItEBMTMS/TMOS mixture
Symbol: TMOS silica § ), hybrid(10) silica (A ), hybrid(15) silica @), hybrid(25) (O).
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6.1.6.2 ElementalAnalysisof ODS-M odified Monolithic Silica Rods
In Fig. 6.14, the carboncontent $C) of TMOS monolithic silicarods modified with

ODS-DEA in toluene is plottedagainst the reaction timé@n increase ircarbon content%C)
corresponds ta largeramount of ODS groupshich wereintroducedon thessilica surfacelt
can be recognized that the carbon con{&€) becomes highewith extendingthe reaction
time. The differencein carbon conten{%C) between ODSnodified TMOS80-15h and
ODSmodified TMOS120-3h silica rods can bexplainedby the differencen surface area of
bare monolithic silica. The sirfacearea of TMOS80-15h showed 668 ffy, while that of
TMOS-1203h was 352 g, because the different hydrothermal treatmergsevperformed
as shown in the preceding section (see Table Glgeneral, it isestablishedhat higher
surface area can contributelémgercontent of functional groupgrafted onsilica surface by
chemical surfacenodification[2].
At longer reaction time than 24 hours, it is seen that the curves of the carbon content almost

reach the plateaus withordlation tothe difference in mesopore size. Therefdtes suggests
that the octadecylsilylationf monolithic silicaat 65 °C for longer time than 24 hours is

adequatéo introduce ODS groups intbe monolithicsilica.
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Fig. 614. Plots of carbon content against reaction timigh ODSmodified TMOS monolithic silica rods
Symbok: ODSmodified TMOS-80-15h silica rod (80 A, 668 nf/g) (@), ODSmodified TMOS120-4h
silica rod(154 A, 352m%g) (O).

-63-



Chapter 6

Furthermoreoctadecylsilylationvas carried out for hybrid monolithic silica rods as well as
TMOS monolithic silicarods. Surface coveragéemol/n¥) of ODS groupsin ODSmodified

monolithic silica wagalculatedby Eq. (61) [2]:

G= ~ (6.1)
%C MW 10

g 100 nC3 12§

where%C is the carbon contemibtained byelemental analysi§Ais the BET surface area of
the bare silica (the parent silica)MW is the molecular weight of the attached ligay
modification, andnC is the number of carbon atoms in thienctional group (For
ODSmodified hybrid monolithic silica, theestimation ofcarbon conten{%C ops) of the
ODSgroupsis shown inSection9.2). Table 6.2 summarizes the informatiomnODS modified

monolithic silica rodsprovidedby the nitrogen physisorption methahd elemental analysis.

Table 6.2

Pore size, BET surfacarea, carbon content, aswifacecoveragaleterminedor ODS-modified

monolithic silica rods

Pore sizé  Surface are: Carbon conterit Surface coverade

Silica rod
(A) (m?/g) (%C) (emdd /r
TMOS-80-15h 80 668 24.6 225
TMOS-80-25h 82 582 227 231
TMOS-1203h 154 352 172 261
Hybrid(15)-80-15h 67 746 238(255) 1.92
Hybrid(15)-120-4h 154 380 158 (176) 217
Hybrid(25)120-4h 114 551 17.7 (208) 1.73

" All thesilica rods were modified with ODBEA in toluene at 65C for longer than 24 hoursis shown
in Section 4.5.

*The pore size of bare silica rodgeredeterminedy the BJH method (desorption).
®The carborcontent of ODSyroups(%C ops) wasestimatedind thenumberin parentheses showstal
carboncontert (%C (iray) from the ODSgroups and methyl groups in faybrid monolithicsilica material

¢ Surface coveragef ODSgroups.
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Fig. 6.15(a) and 6.15(bdhowthe plos of the carbon content%C) of the ODS-modified
monolithic silica rodeindthoseof the surface coveragaainst surface argeespectivelyFor
thesame type omonolithicsilicarods(TMOS or hybrid(15) seriemods, it is confirmedthat
the carbon content (% (ops) of ODS groups increasesvith the increase irthe surface area
as shown in Fig. &@4. However,the comparison offMOS-80-15h to hybrid(15)}80-15h
shows thathe carbon content%C ops) of ODS groups fothe hybrid silica material is
slightly less than that fahe TMOS silica materiah spite of thdower surface areaf the
bareTMOS silicacompared tdhat of thebarehybrid silica(see Table 6.2)Similar results
can beobservedoy comparing TMOSL20-3h to hybrid(15)120-4h orhybrid(25}120-4h. It is
assumedhatthe bare TMOS monolithic silica possesses more resisilatol groups orthe
silica surface, which can react wilDS-DEA by octadecylsilylationin comparison witlthe
bare hybrid monolithic silicavith similar mesgorosity It has been reportetiatthe number
of residual silanol groupi® a hybrid silica materialecreasewith increagng MTMS content
for preparatiorj115 117].

Regardingthe surface coverag&mol/n?) of ODS groupsthe valuetends to be slightly
lowerwith anincrease in surface araghich isdue todecreasingnesopore sizésee Table 6.2)
This finding indicates thata decrease in mesopore sifesilica contributes ta lower surface
coveragebecause ofhe sterichindranceof ODSDEA in the pores[119. On the other hand,
Fig. 6.15(b) showsthatthe hybrid silica rods providéower surface coveragef ODS groups
than the TMOS silica rodslt is obvious when the values of the surface coverage are
comparedin a range of similar surface amedt follows that thesurfacedensity of ODS
groupson the silica surface for the hybrid monolithic silica materials i®wer than that for
the TMOS monolithic silica materialsMoreover, t is assumedhat the surface coverage
become smallerwith theincrease in MTMS concentratiom the feedsolution

Therefore,the resultsshown in Fig. 6.15(a) and 6.15(Bad tothe conclusionthat the
insertionof methyl groups ito the hybridmonolithic silicaby using MTMScontributes tdhe
decreaseén both the amountandthe surfacecoverage density of ODS groups on the silica

surface in comparison withhe TMOS monolithic silicgpossessing similanesgorosity
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Fig. 615. Characterizatiomf ODSmodified monolithic silica rods by elemental analy&s.Plos of carbon
contentagainst surface area wi®@DSmodified monolithic silica rodgb) Plots of surface coverage against
surface area with OD®odified monolithic silica rodsSymbols: ODSmodified TMOS silica rods¢ ),
ODSmodified hybrid(15) silica rods(A), ODS-modified hybrid25) silica rod (©). The valueswere
determinednly for ODSgrouys.
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6.1.7 Conclusions

(1) SEM observation andnercuryintrusionporosimetry
The resultsobtainedby SEM and mercury intrusion porosimetrgemonstratedhat the

macropore size (or domain size) can be controlled by chatiggREG amountasshown in
previous reportslt was suggestethat it is harcer to controlthe structural homogeneitgpf
monolithic silicawith a decrease irthe macropore sizeMoreover comparng the TMOS
silica rodto the hybrid monolithic silica rodsshowedthat structural homogeneity decreases

with theincrease in MTMS concentration the feedsolution.

(2) Nitorogenphysisorptionmethod

It was confirmed that ureacan decompose to result ibasic conditions for forming
mesopores irthe monolithic silicaby heating The additional hydrothermal treatnteat
120°C for 3 or 4 hourgesuledin an increased mesopore sered significantly wider PSD
for both the TMOS and hybrid silica ra&l Furthermore it was suggested thdtt is more
difficult for hybrid monolithic silicato form well-defined mesoporesn comparisonwith
those inTMOS monolithic silica, becauseit is harder toeliminate small poreswith the

increase in MTMS concentratiam the feedsolution

(3) IR adsorptionspectroscopy
Usingthe KBr tablet methodevealed thathe intensity othe specificadsorption bands due

to methyl groug (-CHjs) increasesvith theincrease in MTMS concentratiam thefeedsolution

showingthat ahighercontent ofmethyl groupscanbe introducedinto the hybridmonolithic

silica. In addition,the result obtained kiye ATR methodindicatel thatthe hydrophobicity of
hybrid silica increasewith increasing the content of methyl group€£HKs) provided by

MTMS.

(4) Thermalanalysis
It wasconfirmedthat methyl groups ithe hybrid monolithic silica arstableup to 400°C,

provingthatthe heat treatmerdt 330°C is appropriatdor the monolithic silica.

(5) Elementabnalysis
The resuls of the measurements shedthat thecarbon content (%) of methyl groups in

the barehybrid silicaincreasewith an enhancedMTMS concentration irthe feed solution
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This suggestedthat methyl groupscan beintroducedinto the hybrid monolithic silica
guantitativelyby changinghe MTMS concentration.

For ODSmodified monolithic silicathe difference in carbon content 4ops) of ODS groups
wasfoundto correspond tehe difference irsurface argacausedy changingmesgore sizeThe
comparison of OD$nodified TMOS and hybrid monolithic silicaevealedthat the carbon
content (% (ops) of ODS groupsn a hybrid silicarod wasslightly less tharthe contenfor a
TMOS silicarod possessing slightly lower surface areghanthat ofthe hybridsilica. It was
assumed thahe TMOS monolithic silicgorovides more residual silanol groups time surface,
which canreact with ODSDEA by octadecylsilylation, thatine hybrid monolithic silicawith
similar mes@orosity Regardingthe surface coverage (density) of ODOfsoups on silica
surface it was suggested th#te insertionof methyl groups intahe hybrid monolithic silica

by usingMTMS contributedo a decrease ithe surfacecoverage
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6.2 Investigation of Hybrid Monolithic Silica Capillary Column s Prepared by

Changing MTMS Concentration

6.2.1 Feed Compositionfor Monolithic Silica Capillary Columns

Table 6.3 shows the preparatiazonditiors for monolithic silica capillary columnsvith an
[.D. of 100 em. In the presenstudy, the TMOS columnwas preparedby the additional
hydrothermal treatment at 12@ for 3 hours and theMTMS/TMOS hybrid columnswas
treatedat the sameaemperaturdor 4 hours(see Sectiord4.2). Fig. 6.16 shows the identifiable

informationon the monolithicsilica capillary columns

Table6.3
Feed composition for preparation of nadithic silica capillary columsa

Column TMOS TMOS+MTMS PEG® Urea Aceticacid®  Temp®

(MS(100)  (mL) (mL) (9) (9) (mL) (0
T-s¢ 5.6 1.190 0.900 10 25
H(10)-1° 5.5 0.600 1.012 10 35
H(LO) I 5.5 0.610 1.012 10 35
H(LO}II 5.5 0.630 1.012 10 35
H(15) | 5.5 0.450 1.012 10 35
H(L5) 1 5.5 0.460 1.012 10 35
H(L5)I 5.5 0.470 1.012 10 35
H(25)-S' 45 0.475 1.012 10 40

*Mw = 10000(g/mol) (SigmaAldrich).

®0.01 Macetic acidaqueousolution

¢ Gelation temperature.

d MS(100}T-Swas prepared according poeviouspreparatiorconditiors describedn ref. [60].

¢ Following number aftetheabbreviatiorfi He@xpressea volume raticof MTMS in aMTMS/TMOS mixture
For instance, H(1neanghe feed solution prepared by mixing 90 mL of TMOS and 10 mL of MTMS.

f MS(100}H(25)-S was prepared according to previyueportedpreparatiorconditiorsin ref. [50].

MS(100)-H(15)-
1 2 3 4 5

1. Material name: Monolithic silica

2. Column diameter

3. Hybrid materialis shownasH, and TMOSas T

4. Volume ratio of MTMS to TMOS

5. Roman numberdenotes difference in domain size

Fig. 6.16. Identifiableinformationon monolithic silica capillary columns
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6.2.2 SEM Observation for Monolithic Silica Capillary Columns

SEM photograph$or monolithic silicacapillary columns withanI.D. of 100em prepared
by four kinds of feed solutions are shown in Fi§.17(a) and6.17(b). In these photographs,
MS(100}H(10) series were prepared from the feed solution MITIMS/TMOS (V/V) = 10/9Q
and for the MS(100}H(15) series the volume ratwas MTMS/TMOS (V/V) = 15/85.The
concentration of PEG was increased in the order fiam-IIl in each seriegsee Table 6.3)
Fig. 6.17(a) shows that its possible to prepare monolithic silica structures filling the capillary
with the range of ratios oMTMS to TMOS in the feed solutionThen monolithic silica
structures with a differe domain size(domain size =throughpore size+ skeletonsize
were prepared by changing the concentration of PEG as shown in6Higb), where a
smaller domain sizés observedfor monoliths prepared with the greatest amount of PEG
MS(100)}H(15)1l and MS(100)H(10)11l compared to corresponding monolitisor -11.

In addition, MS(100)}T-S was prepareavith TMOS only, and MS(100H(25)}H with
MTMS/TMOS (V/IV) = 25/75 as shown in Tablé.3. It wasfeasibleto prepare the capillary

columnsunderpreviousy describedpreparation conditionsp, 60].

< £

(7) MS(100)-H(25)-S (8) MS(100)-T-S
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S MS(100)-H(25)AS ' (8) MS(100)TS '

Fig. 6.17. Scanning electron micrographs of monolithic silipeepared from TMOS and MTMS in a
capillarywith an I.D. of100¢ m(a) Scale bars corspond t020 € m(x1000). (b) Scale bars correspond to
10e m(x3000. Column (1) 3)(MS(100}H(10)}1  ,I(4)i (6) MS(LO0}H(L5)I7 1l (7) MS(100¥H(25)-S,
(8) MS(100)T-S. The smaller scale bar shown in egdfotographcorresponds to the domain size of the

monolithic silica.

Table 6.4 lists the domain size calculated from SEM photographs and the permeability in
methanol/watefV/V) = 80/20 mobile phase at 3G for capillary columns after octadecylsilylation
Thepermeability By) based oD a r ¢ y wasexpressety Eq.(6.2) [2,61, 74):

B, = QudL

6.2
ors (6.2)

whereu is the linear velocity d the viscosity of a mobile phasé, the column length, and
¢, the total porosity, respectively. With respect to the monolithic silica capillary columns
understudy, the parameters i&q. (6.2) can be regarded as constard atguladinear velocity

except for column pressure dropP and lengthL, because thetotal porosity after
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octadecylsilylationis supposed to bdixed valueat roughly 90 % with the present feed
composition(see Table6.5). Column permeability reflectshroughpore size and external
porosity, ora domain size a constanthroughporesize/skeleton size ratio

The RSDs (%) for théhroughpores and skeletons of monolithic silica capillary columns
were calculated to be 230% for skeleton size anthroughpore size, based on the SEM
measurementg he average valueshownin Table6.4 were obtained from the measurensent
at more than 150 locations fthroughpores and for skeletont® investigatethe relationship
between the domain size and the permeabbiégause therror ofthosemeasuremestfrom
SEM photograptican be largefor monolithic material§74, 78]. For a particulate columnit
wasreported that the RSD (%) value of a particle size was 13 %¢for Barticles and 5% for
2.7¢m fusedcore silica particlef23].

As another approachJnger and cavorkersreported a correlation between the column
permeability andthe surfaceto-volume rato (SV) of the skeletons for a monolithic silica
column [79]. The resultsobtainedfrom the skeleton size measurengeate also shown in
Table6.4. High column permeability seems to reflect small surtaeeolume ratiogSV) or
largethroughporesize (or domain size), as reportedthe aforementioned authofsreliable
way to evaluate monolithic structuretould be establisheahd comparedbecause it isital
to confirmthe structuralhomogeneity of monolithic sia inside aolumn[81 84, 120.

For practicalconvenience in thishesis it is assumed that a value of permeability under
constant HPLC conditions reflects an averigeughporesizeof a monolithic silica column
to be used for discussing the performanee a domain size or throughporesize dictates

columnpermeability as a particle size ddbat ofa particulatecolumn R, 121].
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Table6.4
Domain size, surface/volume ratio and permealfty for mondithic silica capillary:olumns*

Skeleton size Throughpore Domain Surface/volumé Peameabilit;t}

Column _ _

(DY size size of skeletons (By)
(MS(100)) 1 14 2

(€ m) € m) (em (Mm™) (107" m")
T-S 1.1 15 2.6 2.7 35
H(10} 1.2 1.6 2.8 25 55
H(10)I 1.1 15 2.6 2.7 34
H(LO}II 1.0 1.4 24 3.0 2.8
H(15)H 14 2.0 34 2.1 6.9
H(L5) 1 13 1.7 3.0 2.3 5.6
H(15)-I 1.1 15 2.6 2.7 3.1
H(25)-S 13 18 3.1 2.3 6.2

*

The measuremesntor skeleton andhroughporesizes werecarried out manually.
*The value was calculated 88/ = 3D, according to the suggestion froef. [79].

b PermeabilityB,) was measured in methanol/watéfV) = 80/20 at 30C andcalculatedy assuminghatthe

totalporosity ofmonolithic silicais 90 %.
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6.23 Characterization of Monolithic Silica Capillary Columns by SEC

As shown in Fig. 6.8, the relationship between elution volurime THF and molecular
weight of polystyrene standard?§S§ samplewas observedfor the norntmodified and modified
columnsby the octadecyilsilylation MS(100}H(10)-1, MS(100}H(15)1I, and MS(100}H(25)-S.
Although the total porosity found wasmilar (ca. 93% for MS(100)}H(10)1 and MS(100H-
(1511, that of MS(100}H(25)-S was found to be ca. 92% despite the lower silane concentrations
in the feedsolution (Note thatthis resultimplies the deviation of clumn diameter.The
calculation ofcolumnporosityis carried outby assuminga& ol umn di amet er of
there isa certaindeviationin the diametercaused by thenanufacturingorocess However, it
should be emphasized that this deviati®omegligible forthe interpretatiorof the results in
this thesis because the total porositgbsolute valuedf a monolithic silica capillary column
is extremelyhigh (> 90 %)) The results obtaineflom these relationships are summnzad in

Table6.5, including the results of TMOS colunused inthe previous study60].

7.0
™

2 60 f
g m
o 50 [ A
g ™Y
o 40 [ Ame
Q. rOmA ¢
— 30 [ O M A
Q O/Mmae
3
= 20 oom &
S
—I 1.0 B

0.0 R SR TR T TR TR RN TR T S SR S SH TR N TR TR S

0.6 0.7 0.8 0.9 1.0

Fraction of a column volume

Fig. 6.18. Selective permeation of polystyrene standsachplesn THF with monolithic silica mlumns.
Symbol: diamonds MS(100}H(10)1 (¢,&), triangles: MS(10GH(15)11 (A,A), and squares:
MS(100)YH(25)S (m.O). Solid symbols stand fobare silica columns, and open symbols for

ODSmodified monolithic silica columns.
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Table6.5
Relationship between column porosity and retention factor for htlbiecsilica capillary
Columns.”
o Parameter
Volume fraction in a columh .
in RPLC
Column
(MS(100)) Tota.l Through Meso  Bonded thflse C ] )
porosity  pore pore phase ratio k UCH,)
(Vi) Mo Vi Vo (V) (VdVy)
H(10)
B 0.937 0.676 0.261
(Silica)
0.029 0.032 2.60 1.48
H(10)
0.906 0.674 0.232
(ODS)
H(15)11
- 0.934 0.670 0.264
(Silica)
0.028 0.031 2.87 1.48
H(15)-Il
0.903 0.667 0.236
(ODS)
H(25)S
i 0.917 0.665 0.252
(Silica)
0.023 0.026 2.91 1.48
H(25)S
0.895 0.666 0.229
(ODS)
T1.4A°
N 0.938 0.689 0.249
(Silica)
0.030 0.033 2.16 1.50
T1.4A°
0.898 0.679 0.219
(ODS)

) The SECmeasuremestwere carried oun pure THFat 30 °C.

# Each volume fraction wasstimatecby assuming thahecylindrical volumeof a columris 1.0[25, 60].
®The measurements were perfornredhethanol/watefVv/V) = 80/20 at 30C.

° Retention factofor hexylbenzene

Therelativeretention was calculated BECH,) = k(hexylbenzenel{penylbenzene).

®This datavasobtainedfrom ref. [60).
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The difference irmesgore volume before and after ODS modification can be regarded as
the volume occupied bythe ODS moietiesnside a column. The phase ra(d4/Vy) was
calculated by dividing the volume of the stationary phase by the total pore volume obtained
from the elution volume of benzeres represented Bection 2.XseeEq. (22)).

In Table6.5, it can berecognizedhat the volume occupied by ORffoups(the amount of
stationary phaserovided by ODS groupg dependson silane concentration in thieed
solution. Forexample,MS(100}H(25)S was prepared with a lower silane concentration
compared tdhe other columngsee Table 6.3)The amount othe bonded stationary phase
was smallerthan those of the othercolumns presumably becausine amountof silanol
groups orthesilica surfacecould besmaller attributedto the smaller amount of siliga the
column[60Q]. It is seerthat the amount of bonded phase moigiewide no stronglepenénce
on the MTMS concentrations in the feed solutidmenthe three other columrase compared
except foMS(100}H(25)-S.

Moreover,the result®btainedoy elemental analysisf ODS-modified monolithic silica rods
which areshown inSection 6. seeTable 6.2) support thenterpretatioraboutODS-modified
capillary columnsRegardingthe ODS-modified silica rods prepaed by similar hydrothermal
treatment for the capillary columnthe carbon content of OD§roums was 172 % for
ODSmodified TMOS120-3h, 158 % for ODS-modified hybrid15)120-4h, and17.7 % for
ODSmodified hybrid25)1204h. As discussed above, the influence of total silane
concentration ithefeed solution should be taken into accolweicause it islirectly relatedto
the amount of the resultingnonolithic silica in the columij60]. The resultsobtained by
calculating molar quantities of silica precursams10 mL of a 0.01Macetic acidaqueous
solution show3.80 x 102 mole under the preparation conditions for TM@&)-3h, 3.75 x
102 mole for hybrid(15)120-4h, and3.05 x 102 mole for hybrid(25}120-4h. The molar
guantites of silica precursom the feed solutiomre comparabldetweenTMOS-120-3h and
hybrid(15)120-4h, butthe quantitycalculatedor hybrid(25)120-4his about80 % compared
to that for the TMOS silica. Thus, the carbon content G of ODS groups for
hybrid(25)120-4h can benormalizedfrom 17.7 % to 14.2 % by assuminghat the molar
quantity of silica precursonn the feedsolution which is supposed tacorrespond tahe
amountof silicain a columnis proportional to thearbon contendf ODS groupgtheamount
of ODS groups) The comparisonof the ODS-modified silica rods indicates thahe carbon
content (%) of ODS groupdor hybrid(15}120-4h corresponslto about92 %, and thafor
hybrid(25)120-4h does to about 83 % in relation to the value for TMOS-120-3h.
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Consequently,the resuls of the elemental analysigperformed onthe ODSmodified
monolithic silica rodgeflect the resuls obtained by SEGor the ODS-modified monolithic
silica capillary columns

Fig. 6.19 shows the chromatograms obtained for alkylbenzene<{6) with the mondithic
silica capillary columnsn methanol/watefV/V) = 80/20 at 30°C. The retention factorkj of
hexylbenzene was @md to be2.1 for MS(100)}T-S, 2.6 for MS(100H(10}I, 2.9 for
MS(100}H(15)11, and 2.9 forMS(100}H(25)-S. It has been reported that the retention factor
was 2.2 for ODS8nodified TMOS column designated as MS(10Q)4-A in a previous report
(see Table 6.5which isa mmparable valueo that for MS(100)T-S. The retention factork] for
hexylbenzendended to be larger with the increase in MTMS concentratitimeifeed solution.
This finding is demonstratetty comparingIS(100}H(25)S to MS(100H(15)-1I, becausdoth
the columrs resulted ina similar value ofhe retention factok(= 2.9)despitethe smalleramount
of the ODS groupsfor MS(100}H(25)S in comparison withthe amountdeterminedfor
MS(100}H(15)1I (see Table 6.5)n addition, this influence othe MTMS concentration on
the retentionfactor can beidentified through comparng MS-H(10)-1 or MS(100}H(15)I
with the TMOS column irfable6.5. In summary, the results obtained from SEC and RPLC
reveal that methyl groups introducedn the silica surfacéy using MTMS significantly
contribute to soluteretenton although the hydrophobic propertyf stationary phase,
expressethy anU(CH,) value may not be high after ODS modificati¢eeeTable 6.5 [127.
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(a) MS(100)-T-S  Uracil
AP =68 bar N1 2 4 4 ] k(hexyl) = 2.06
u=1.01 mm/s 0 6 N = 50300
‘1” TN =50
(I) é 1‘0 1‘2 1I4 1'6 1'8 2'0
(b) MS(100)- H(10) 1 I Time (min) k(hexyl) = 2.60
AP =41 bar [ N = 41300
u=1.02 mm/s L k H=5.8 pm
!'3 1‘0 1'2 1.4 1l6 1'8 2'0
Time (min)
(c) MS(100)-H(15)-1I l k(hexyl) = 2.87
AP =45 bar N = 43600
u=1.10 mm/s l A h '\ A A‘ H=57pum
(l] 2 4 6 8 1l0 1l2 1l4 1‘6 1.8 2-0
(d) MS(100)-H(25)-S Time (min) k(hexyl) = 2.91
AP = 37bar N = 32500
u = 0.98 mm/s J\ }LH =7.5um
0 2 4 6 8 1‘0 1‘2 1l4 1l6 1'8 2'0
Time (min)

Fig. 6.19. Chromatograms obtained failkylbenzers with ODSmodified monolithic silica capillary
columns Column: (a) MS(100Y-S (column length 25.0 cm), (b) MS(QO)}H(10} (23.9cm), (c)
MS(200}H(15}1 (24.5 cm), and (d) MS(10H(25)S (24.4 cm). Solute: uracil, alkylbenzenes
(CsHs(CH,) H, n = 0- 6). Mobile phase: mthanol/wate(V/V) = 80/20. Temperature: 3C. Detection: 20
nm. The pressure drognd linear velocitywere calculatedThe retention factor, number of theoretical
plates, and plate height for hexylbenzene arestiswn The number®sf alkyl chain length arexpressed
to identify alkylbenzenes.
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6.2.4 Steric Selectivity for o-Terphenyl and Triphenylene with Monolithic Silica Columns

It has been reportetiat ODS columns show steric selectivity planar compoundsuch
as PAHscompared to a bulky aromatic compound of similar hydrophotziperty [L23 124],
and that thedifference in theselectivity between a TMOS and hybrid monolithic silica
column is related t@ presence of methyl group on the silica surfd@g. In this thesis
o-terphenyl (O) and triphenylene (T) were employed as solutes in ordevdstigatethe
dependency of thsteric selectivity (T/O) on the difference in the surface concentration of
methyl groupscaused by the changeMTMS concentationfor preparation

Fig. 6.20 shows the chromatogram®btainedfor o-terphenyl (O) and triphenylene (T) in
methanol/wate(V/V) = 80/20 at B °C. It is seenthat thestericselectivity {T/O) decreases
with the increasan the methyl group conterih monolithic silicg based on thestarting
MTMS concentrations in the feedolution Generally, the steric selectivity{T/O) is
dependent osurface coverage @DS groups on silica surface and the length of alkyl ghain
in the stationaryphase 122, 124. It has been reported that the selectivity tends to be larger
with longer alkyl chains, and becomes smaligr endcappingwith trimethyichlorcsilane
(TMS-CI) [122].

Moreover a small separation factascribed tdhe presence of methyl groups was reported
for a monolithic silica capillary column preparédm MTMS only [12€6. For the hybrid
silica under studytiis confirmed that mthyl groups inthe materiaprepared fronrTMOS and
MTMS are stable below 400°C, as shownby IR adsorptionspectroscopyand thermal
analysis(see Section 6.1 In addition the results obtained by elemental analysis &dd
adsorption spectroscopydicate that theamountof methyl groups orthe silica surface
increases with increamy the MTMS concentratiorin this thesisthe heat treatment at 330
was carried out foall the capillary columns, butrimethylsylilation or endcapping/as not
performed forthe columrs used in the preserxamination Therefore, in the case die
hybrid columnsit is evidentthat thestericselectivity based othe ODS groups is reduced by
the presence ofhe methyl groupsderived fromMTMS. In other words, methyl groups
contribute to the retention dfydrophobic species, but not discriminate planar and nonplanar
compoundasTMS groups.

Furthermorejt was reported thaan U/CH,) value for an ODS column tends increase
after endcapping due tbe conversion of silan@rougs into TMS groups [22. The amount
of ODS groups is nearhfthe same betweenMS(100}T1.4A, MS(100}H(10)} and
MS(100)}H(15)1 (seeTable 6.5). The results shown in Tab5 suggestthat the surface
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coverage density of ODS groups fothe tybrid columns idower thanthe coveragdor the
TMOS column becausé{CH,) values forthe hybrid columnspossessingnethyl groups tend
to be slightly smaller than that tfe TMOS column Regarding the surface coveragfeODS
groups for the correspondingmonolithic silica rods 2.6 € mo P Avas obtained for
ODSmodified TMOS120-3h, 2.2 ¢ mo P fom©DSmodified hybrid(15)120-4h, and1.7
e mo Pfor®DSmodified hybrid25)-120-4h, as shown irBection 6.1seeTable 6.2) It can
be recognizedthat the surface coveragbecome lower with the increag in MTMS
concentrationn thefeed solutionConsequentlyit is assumedhatthe changén U(T/O) value
for the ODS modified hybrid columrs correlateswith that in the surfacecoverageof ODS
groups whichis controlled bychanginghe MTMS corcentration

Table 6.6 shows the retention factok)(for hexylbenzenel{CH,), and (T/O) for the all
monolithic silica capillary columns used the presentstudy. The resultsepresentthe
dependency of retention characteristics on the MTMS concentiatefeed solutionrather

than the amount of ODS groups bonded.

Table 6.6
Retention factork), (CH,), andU(T/O) for monolithic silica capillary columns

Column k(hexylbenzene) UCH,) UT/O) Temp (°C)
MS(100)}T-S 2.06 1.49 1.54 29.8
MS(100)H(10) 2.60 1.48 1.43 29.9
MS(100)H(10)-II 253 1.48 1.40 299
MS(100)H(10)-111 2.65 1.48 1.41 299
MS(100)}H(15) 2.91 1.49 1.40 29.8
MS(100}H(15)-11 2.87 1.48 1.38 29.9
MS(100)H(15)-11I 2.84 1.48 1.39 299
MS(100)H(25)-S 291 1.48 1.30 300

*lXCHz) valuewas calculatedrom k(hexylbenzenek{pentylbenzeng and((T/O) value from
k(triphenylene}(o-terphenyl) in methanol/wat€¥/V) = 80/20 at 3CC.
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(a) MS(100)-T-S Thiourea
AP =68 bar N

u=1.01 mm/s

(b) MS(100)-H(10)-I
AP =41 bar

u=1.02 mm/s

(c) MS(100)-H(15)-1
AP =45 bar

u=1.10 mm/s

(d) MS(100)-H(25)-S
AP = 37 bar

u=0.98 mm/s

PPN ve
L < I{:II «(T/0) = 1.54
, [ k(0) =1.17
o) 14 K(T) = 1.79
A
4] 2 4 6 8 10 12 14 16 18 20
Time (min)
o(T/0) = 1.43
k(O) = 1.63
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Time (min)
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k(T) = 2.54
N
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Fig. 620. Chromatograms obtained forterphenyl (O) and triphenyie (T)with ODSmodified monolithic
silica capillary columnsColumn: (a) MS(100Y-S (columnlength 25.0 cm) (b) MS(100}H(10}1 (23.9cm),
(¢) MS(100}H(15}1 (24.5 cn), and (d) MS(10GH(25)S (24.4 cm). Solute: thiourea,o-terphenyl,
triphenylene.Mobile phase: methanol/watév/V) = 80/20. Temperature: 3TC. Detection: 254 nm. The

pressure drop, linear velocitygtentionfactors for o-terphenylandtriphenylene, andsteric selectivity(T/O)

areshown
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6.2.5 Evaluation of Column Efficiency with Monolithic Silica Columns
Fig. 6.21 shows the column perimrance of ODSnodified MS(100}H(10) andMS(100}H(15)

seriescolumns in acetonitrile/waték/V) = 80/20 at 30°C, confirming the effect ofthe domain
size of a monolithic silica colum®DS-modified MS(100}H(25)-S and MS(100T-S wasalso
evaluatedto demonstratehe column efficiency of a previodg describedmonolithic silica
column[50, 60Q]. It is evidentthat the column efficiency was improvéy a smaller domain
which was obtained with increasing PEG concentratiotiseifeedsolution as expectefb0, 60.
MS(100}H(10} 11l possedsg thesmallest domain size generated a plate h€ldghof 4.6em
for hexylbenzene with a retention facti) of 1.4 atu = 2 mm/s, and MS(10Hi(15)11I
yielded H = 5.0 ¢ mwith the retention factor of 1.5 at similar linear velocily.is also
interesing to note that both MS(10#J(10) and MS(10GH(15) seriesshowed a higher
column efficiencythan MS(100)}H(25)-S which provideda plate height of 6.%& mwhile
maintainingthe retention factor of 1.9 herefore thesehybrid monolithic silica columnbad
a higher column efficiency than previous hybrid columns, and achieved greater solute
retention in comparison witMS(100}T-S prepared from TMOSwhich gave a plate height
of 4.8 ¢ mat u = 2 mm/s witha retention factor of 1.1 for hexylbenzeas well as the
previousTMOS columrs [60].

In Fig. 6.2, the SEM photographs for MS(106)(10)I, MS(100)}H(15)}I, and
MS(100)}H(25)-S are shownto observethe structural homogeneity of each hybrid column.
The increased structural homogeneifpr MS(100}H(10}I and MS(100H(15)¢ is
noticeable in comparison witMS(100}H(25)-S. Similar results can also be obtained for
every series in Figs.17(b). In addition, the resultebtainedby SEM and mercurjntrusion
porosimetry for the monolithic silica rodsalso represent the difference in structural
homogeneitydue todifferentpreparation conditions (s&ection 6.1 It is tempting to assume
that the increased column efficienafyMS(100}H(10) and MS(10GH(15) series compared to
MS(100}H(25)S is related to the increase in the homogeneity of the hybrid mondiititia
structure, as reported for a secagaheratiormonolithic silicacapillary column prepared from
TMOS previously 60]. Actually, the prepaation conditionsfor MS(100}H(10) and
MS(100}H(15) series columns included a higher concentration of silanthe starting feed
solutionand a lowemelationtemperaturghan those foMS(100}H(25)S. The preparation
conditions were similar to those employed for the preparation of the Td&O%ed

monolithic silica column, MS(100)-Sin the presenstudy
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However,to elucidatethe relationship betweethe column performance arttie structural
homogeneitythe radial heterogeneity in @lumn should beinvestigatedquantitatively as
reported by usingonfocal laser scanning microscop$LSM) [84, 12(. Moreover asa
complementarytechnique tomercury intrusion porosimetrycapillary flow porosimetry was
recently appliedo the characterizatioof capillary columns by.ee and cenorkers[127, 12§.
These characterizatiormethod will be crucial to examine the structural homogeneity of

monolithic silicacapillary columss.

(a) MS(100)-H(10)4 (b) MS(100)-H(10)-lI (c) MS(100)-H(10)-ll
AP = 35 bar H=54pm AP=60bar H=49pm AP = 59 bar H=4.6pm
u=2.01 mmis u=1.99 mmis u=2.07 mmis
N = 44400 0 N = 48000 N = 42500
Thiourea 1’2 34 5 6 ‘ l | |
0 1 2 3 4 5 6 7 30 1 2 3 4 3 6§ T 80 1 2 3 4 3 6 T ]
Time (min) Time (min) Time (min)
(d) MS(100)-H(15) (e) MS(100)-H(15)-ll (f) MS(100)-H(15)-11I
AP = 31 bar H=6.0 um AP =37bar H=5.6 pm AP = 55 bar H=5.0pum
u =195 mmis u=1.95 mmis u=1.98 mmis
N = 41200 N = 43500 N = 39500 | ’
0 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 ]
Time (min) Time (min) Time (min)
(g) MS(100)-H(25)-S (h) MS(100)-T-S
AP = 34 bar H=6.7 um AP = 57 bar H=4.8 um
u=2.056 mmis u=2.02 mmls
N = 36500 N = 49000
o+ 2 3 4 5 6 1 8 o 1 2 3 4 5 6 1 3
Time {min) Time (min)

Fig. 6.21. Chromatograms obtained for alkginzeneswith ODSmodified monolithic silica columns
Column: (a) MS(106H(10}I (column length 23.9 cm) (b) MS(100}H(10)}II (23.5 cm), (c)
MS(100yH(10)11l (19.6 cm), (d) MS(108H(15)}1 (24.9 cm), (e) MS(10BH(15)}I (24.5 cm), (f)
MS(100}H(15)}111 (20.0 cm), (g) MS(106H(25)-S (24.4 cm) (h) MS(100)T-S 3.5 cm) Solute:thiourea,
alkylbenzenes (§Hs(CH,),H, n = O- 6). Mobile phase: acetonitrile/watév/V) = 80/20.Temperature: 38C.
Detection: 210 nm. The pressure drop, linear velocity, the number of theoretical plates and plate height for

hexylbenzene arghown The numbers of alkyl chain length a&epressedb identify alkylbenzenes

-83-



Chapter 6

MS(1 00) H(1 0)-I
- E e

(b) Part Il

MS(100)-H(15)-1

(e) Part |

MS(100)-H(25)-S

(95 Pa;‘; | | (h) Part‘ll o (i) Part 1Nl

Fig. 6.22. Scanning electron micrographs obtained from differamspf monolithic silicacolumrs. Scale
bars correspond to in (x3000) (a)i (c) part T Il from MS(100)}H(210}I, (d)i (f) from MS(100}H(15),
and (g) (i) from MS(100}H(25)-S.
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6.2.6 Comparison of Column PressureDrop with Monolithic Silica Columns

Fig. 6.23 showsthe relationship between a linear velocity awtumn pressurdrop for a
monolithic silica capillary column and particulate column in acetonitrile/watév/V) =
80/20 at 3C°C. An increase in column pressure drop corresponds to a decrease in domain size
or permeabilityshown inTable6.4. The permeabilitydolumnpressure drop) valugsovided
by MS(100)T-S or MS(100)}H(10)}II were comparabléo that of a column packed withebn
particles.In general changing the amount of PEG contributes tthangein domain size or
thatin silica skeleton size anthroughpore size simultaneously25, 60, 78]. As shownin
Table 6.4, permeability can be regarded as the parameter intica average domain size.
Therefore, lhe resultsshownin Fig. 6.23 suggesthat MS(100)H(10) seriegrovidea slight
higher column efficiency for hexylbenzettegan MS(100H(15) serieswith similar column
permeability when comparison igerformedbetween MS(100H(10)-1 andMS(100}H(15)11
or MS(100YH(10)-1l and MS(100)H(15)-111 in Fig. 6.21

= ek e e ek = N

O=2NWAUNINH~OO=NWAUNIN~NOVO

Pressure drop, AP, bar/cm

0123 456 7 8 9101112
Linear velocity, u, mm/s

Fig. 6.23. Plots of column pressudrop against linear velocity of mobile phaggolumns: Mightysil RP
18 column packedwith 5 em ODSmodified silica particles € ), MS(100}T-S (=), MS(100}H(10}
(A), MS(100)H(10}I (M), MS(100)H(10}Il ( @), MS(100¥H(15)1 (A ), MS(LOOYH(15¢1 (O),
MS(100}YH(15)1I ( ©), MS(100}H(25)-S (X). Solute: thioureaMobile phaseacetonitrile/watel(\V/V) =
80/20Temperature: 3€C.
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6.2.7 Van Deanter Plots for M onolithic Silica Columns

Fig. 6.24 shows the plot oplate height i) against linearelocity (u) for hexylbenzene in
acetortrile/water (V/V) = 80/2Q0 Smaller minimum plate height aradshift of the optimum
linear velocity toward a higheralue are observed with the decreaselomain size It has
beenreported that the domain size of a monolithic silica column corresponds to the size of
particlesgenerang similar column efficiency{25]. MS(100}H(10)}111 and MS(100)H(15)11I
provided plate height values expected for a column packed with 2slica particles or smaller.
However, the performance of the hybrid colunmsstill lower thanthat of MS(100)}T-S at
higher linear velocityPlate height valuesbtained with hexylbenzerse 4.8, 4.6, and 580 m
at 2 mm/s,but 6.6, 6.9, and 7.&m at 8 mm/sfor MS(100}T-S, MS(100}H(10)}IIl, and
MS(100}H(15)111, respectively. Despite the similar or lower permeability compared to that of
MS(100}T-S, the efficency of hybrid columns decreases at higher linear velo&igimilar
result can be also obsedthroughthecomparison of MS(106H(10)1 and MS(100H(15)-11.

It is establishedhat the presence of small pores contributes to slow mass transfer due to the
hindrance of diffusion of a solute withpores P, 61, 129. As shown inSection 6.1 hybrid
silica rods treated at 120C possessmallerporesthan TMOS silica rod treated at 120C.
Especiallythe comparison 6fMOS-120-3h silica rodto hybrid25)120-4h silica rodshowsa
significant differenceregardingmesopore size distributiofseeFig. 69). It was reported by
Unger and cavorkers thathe mesopore sizef a monolithic silica capillary column is roughly
similar to that of a conventional monolithic silicaolumn (a monolithic silica rogrepared
under similar preparatiomonditiong by applying ISEC [77]. The aforementionedeport
indicatesthat MS(100)H(25)-S possessea larger volume ofsmall poresbelow 100 A
compared tothe other columns employed in the present stugdyas determinedfor the
correspondingmonolithic silica rodsusedin Section 6. see Fig. @ and Fig 69). However,it
is confirmedthat hybrid(15)8015h silica rodpossesssa larger quantity of small poréglow
60 A thanhybrid(25)120-4h silica rod(seeFig. 6.9). In the following sectiontiis shown that
the effect of mesopoosity on column efficiencyfor alkylbenzenes is negligibléor the
correspondingmonolithic silica capillary columnMS(100}H(15)8315h) (see Section 6.3
This resultsuggests that the effect of mesoporosity on columniesity is negligiblein the
present examinatiorusing hexylbenzeneTherefore, itis assumd that the structural
homogeneityegardingthe throughporesandsilica skeletors decreases wittheincrease in
MTMS concentrationin the feed solutionbecause of the difference in hydrolysis and
condensatiomates between TMOS and MTMS5, 89, 130.
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When thecolumn efficiency of MS(100H(15)1 is compared to that d1S(100}H(25)-S
prepared by the previolysreportedpreparation methodb{)], the formercan generate higher
efficiency than the latter, although the former has a ladgenain size, showing higher
permeability(see Table.4). In addition, boththe columns gave a similar retention factor for
hexylbenzene in acetonitrile/wat@r/\VV) = 80/20.The resultsmply that the monolithic silica
structue of MS(100)H(15)} is more homogeneoubkan that oMS(100}H(25)-S. Tables6.3
and6.5 show that the large retention factor BIS(100)}H(25)-S wasobtained by increasing
MTMS concentrations in the feed mixturdoreover by increasing the total silane
concentrationsfor preparation,an enhancedretention on MS(100H(15)} and -1l was
provided Therefore, it is suggested that the preparation method fotM$K(10) series or

MS(100)}H(15) series featuring an increased silane concentratiomchieved a higher

homogeneity of the monolithic silica structures in comparison with the hybrid materials in the

past p0], asshownin Fig. 6.22.

\\\\L;\\\N

O=2NWHLNNHNVOO=2NWLANINH~NNOO

Plate height, H, um

0123 45¢6 7 8 9101112
Linear velocity, u, mm/s

Fig. 6.24. Van Deemter plots obtained for OB%odified monolithic silica columns with hexylbenzene as
soluteCol umns: Mi ghtysi|l RP 1 8modified silican partigleg <y )k MSELOOW St h
(4), MS(100yH(10} (A), MS(100jH(10}!l (m), MS(100yH(10}Il (@), MS(L00yH(15)M (A),
MS(100YHA5HI (O), MS(100¥H (15} (©), MS(100}¥H(25)S (X). Mobile phase: acetonitrile/water
(V/V) = 80/20.Temperature: 3C.
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6.2.8 Kinetic Plots for M onolithic Silica Columns

Fig. 6.25 shows the plot of the Iogt(,/Nz) values against lo)), sccalled kinetic plots,
proposed by Desmet and-emrkers[70], wheret, is the column dead timeandN the number
of theoretical plates. The plots are usdfulcomparethe performance of various types of
columns in terra of achievableN andt, at a specifiedpressure[60, 70, 131, 132. The
performance of particulate columns packed with various particle sizes was estimated by using
the Knox equationh = As® + B3 + C3 [2, 60, whereh is thereduced plate heighs, the
reduced velocity, and, B, andC the coefficientsdescribingthe contribution of each term
(seeSection 2.2 In this thesis the valus for A = 0.65,B = 2, andC = 0.08 based on the
result obtained from MightysiRP18 packed with & mparticlesare employed[60], which
demonstratea higher column efficiency thahat showrby PoppeusingA = 1.0,B = 1.5, and
C=005[65. The diffusion coefficient of hexylbenzene in acetonitrile/wéi#y) = 80/20 was
calculated by WilkeChang equatioj2, 61]. According to these parameters, the plots for
particulate columns were made at a pressure of 20 MPa, because mosindR&@ements
have beemperformedata presste of 20 MPa or loweln the kinetic plots, ifacurveobtained
for one columnshows a smaller valuef log (tO/NZ) (downward direction of yaxis) at the
same vale of logN compared to the otheurves it means that the former colunsisuperior
to the other columnsn order toachieve fasand high efficiencyseparatioa For instancein
Fig. 6.25,the plotobservedfor MS(100}H(25)-S made for a previous preparation merges
that of the particulate columnstgt= 40 sor N = 2700Q while thatfor MS(100}H(15)-1 with
the largest domain size the presenstudy coincides withit att,= 26 s orN = 22000.This
comparisonrevealsthat MS(100H(15)1 is more appropriate foachievingfast and high
efficiency separatiothan MS(1000H(25)-S.

As inthe case of Figs.24, ahigher performance thahat ofa column packed with 28 m
particles was observed for MS(10H)10}III, possessinghe smallest domain sizen the
range ofN = 16000 or more at arourtgl= ~15 s or longerand forMS(100}H(15)-11I in the
range ofN = 19000 or more df, = ~20 s or longemn Fig. 625. These resultsuggesthatthe
monolithic silica columawould provide higher performance than particulate columns if more
than 20000 theoretical plates were desired at 20 MPa. Howkegan be recognizethat the
column performance for the monolithic silica columns tends tmwer with anincrease in
MTMS concentrations ithe feedsolution MS(100) T-S can generatél = 14000 at, = 10 s
as reported previouslypQ], which showed similar performance as a column packed with

21 2.5 ¢ mparticleswhile maintaininga comparable column pressure drop to a column
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packed with & nparticles. MS(10GH(10)}111 cangenerateN = 12000 and MS(106Bi(15)-111
canyield N = 10000at t,= 10 s, although its domain size or the permeability is similar to or
smallerthanthat of MS(100}T-S (see Table 6.4nd Fig. 6.2 The results suggest that it is
necessary to achievegherstructuralhomogeneityfor hybrid columnspossessing such small
domain sizesn comparison witifMOS-derived columnsTherefore, in the rangsd N < 20000

at a pressure of 20 MPa,calumn packed with sub € nparticles orMS(100}T-S produced
from TMOS is superior to the hybrid monolithic silica serids. addition, Miyazaki and
co-workersrecentlyreportedthat a column packed with&e nfusedcore silica particlesan
provide higher column efficiency than a monolithic silica coluosing a kinetic plot]33. As
confirmed by mercury intrusion porosimetry$ection 6.1seeFig. 6.3),it is still challenging

to improve thestructural homogeneitgf monolithic silica with asmall domain sizewhich
would provide higher kinetic performandkan that of MS{00) T-S. The preparation method
of the monolithic silica columns still needs improvement and a further studgugedfor the
development of monolithic silica columns with a smaller domain size and greateroretenti

ability.

6.0 ———
20 MPa (A) ®) © © (€ MS100-HZ5)S
6.5 '

-7.0

7.5

Log (t,/N?)

-8.0

£ £ TMOS column (MS(100)-T-5)

-8.5

100 sec‘_:"‘: 20 seg.“"-. 10 sec
90 Lo s PR R R T SR S
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

Log N

Fig. 6.25. Plots of Iog(tO/NZ) against logN) for the column&xamined The curvedor particulatecolumns
were obtained by assuming the following parametgrs).00046 Pa <j = 700,D, = 2.22x 10° m2/s,and
Knox equationh = 0.6%"+ 25 + 0.0& [60]. Maximum pressure: 20 MPRarticle diameter: (A) 5 m(B)

3¢ m(C) 2.5¢e m(D) 2e n(E) 1.4¢ mExperimentablata Columns: Mightysil RP 1&olumnpacked with
5¢ m Oibdilified silicaparticles € ), MS(100}T-S (+), MS(100}H(10}I ( A), MS(100¥H(10}II

(M), MS(100}H(10}1l ( @), MS(100}H(15)1 (A), MS(100¥H(15¢I (O ), MS(100¥H(15)111 (O),

MS(100}H(25)-S (X).
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6.2.9 Conclusions

In the presentstudy, it was possible to prepare hybrid monolithic siGiapillary columns
with an increased total silane concentration &wler MTMS concentration compared to
previous hybrid columndt was also observed th#te column permeability of a monolithic
silica columnreflects the domain sizeand surfaceto-volume ratio (SV) of the skeletos
determined by using SEM, as described in the previous &3¢t

The relationship between thmlumn porosity shownby the SEC measurement and the
retention facta observedfor hexylbenzenewith the capillary columnsn methanol/water
(V/V) = 80/20 demonstratedhat the solute retention strongly depends on the content of
methyl groups orthe silica surface.lt was possible to increaghe retenton ability by
increasing MTMS concentrations in tfieed solution The steric selectivity{T/O) for a
planar compound was alselated to MTMS concentratisnin the feedsolution In addition,
the resultsof the assessment of timeonolithic silica rodswhich are shownin Section 6.1
supporedthe aforementionedhterpretatiorobtained for the capillary columns HPLC.

The column efficiency of hybrid monolithic silica colummsepared withower MTMS
content and withincreased silane concentratjomas superior to that ofrevious hybrid
columns.The investigationusing SEM suggestedhat the increased structural homogeneity
for the newhybrid columrs resuled in higher column efficiency than that of a previous
hybrid column Comparing e kinetic plotshowedthat the column efficiency of these hybrid
columnsis comparable with that of a particulate column packed with 2% nparticles,
generating more than 20000 theoretical plates wyith25 s at a pressure of 20 MRdowever,
it should be notethat the column efficiency of the monolithic silica columns tends to be lower
with increasing the'TMS concentration. The performance of present hybrid monolithic silica
columnsis slightly lower than that of the TMOS monolithic silica coluf@®], although much
higher than that of previous hybrid columitds essential tamprovestructural homogeneity
of monolithic silica with a smadr domain sizethan 2.5 ¢ m particularly for the hybrid
columns if column efficiency comparable witthat of a column packed with st® e m

particleso r 2 fuSedcormsilica particless desired.
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6.3 Study on Effect of Mesoporosityon Column Performance

6.3.1 Preparation Conditions for Monolithic Silica Capillary Columns

Table 6.7 shows the preparation condit®fior monolithic silica capillay columns in
order to examine the effect afesoporosityon columnperformance in HPLCIn Fig. 626,
the identifiable informatioon the monolithic silica capillary columris shownaccording to
differences in the hydrothermal treatment conditisfseeSectior4.2). The other information
on the capillary columns ishe same asshownin Fig. 616 (Note that the hydrothermal
treatmentconditiors for the capillary columns correspond to thdsethe silica rods used in

Fig. 6.7 and Fig. 6.8).

Table6.7

Preparation condition®r monolithic silica capillary columngnder study.

Column TMOS TMOS+MTMS® PEG’ Urea Aceticacid®  Temp®

(MS(100))  (mL) (mL) (9) (9) (mL) (C)
T80-15h
5.6 1200  0.900 10 25
T1203h
H(15)80-15h
55 0480 1.012 10 35
H(15)1264h

The mixturesolutionwas preparedith MTMS/TMOS (V/V) = (15/85).
®M,, = 10000 (g/mol) (Merck KGaA).

0.01 M acetic acidqueoussolution
Gelation temperature.

MS(100)-H(15)80-15h

1 2

1. Temperature for hydrothermal treatment (HT) at 80 °C
or additional HT at 120 °C
2. Treatment time for HT at 80 °C or additional HT at 120 °C

Fig. 626. Identifiableinformationon monolithic silica capillary columns
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6.3.2 Characterization of Monolithic Silica Capillary Columns by Inverse Size Eclusion

Chromatography

As shown in Fig. 6.2, the relationshipetween elution volume andolecularweight of
polystyrene standardP§S samplefor bare monolithic silica capillary columngasexamined
by SEC The fraction of elution volume is estimated as the ratio ofelbédonvolume of each
PSSsampleto that of toluene which providdke total permeation volume of a columhhe
elution curve pbtained byusingPSSsampleof varying molecular weight, correlatesth the
corresponding column porosity, because a small molecule can penetrate into pores, but a large
molecule cannotaccording to the principle of SEEor exampleSEC usinga column packed
with silica particles possessingmall poresanresult inalarge changef theelution volumen
arange oflow molecular weighbf PSSsample but not in aange of théargemolecular weight
and vice versall34. The elution curveshownin Fig. 627(a) and &7(b) illustrate that the
hydrothermal treatments influence the column porosity corresponding to change of elution
volume for PSSamplesand toluene with molecular weigkppanning2 to 10000qg/mol).

Al-Bokari and ceworkers have reported thathe PSD of a monolithic silica columis
determined from the estimatidoy inverse size exclusion chromatograpfyEC) [96]. Pore
diameter of monolithic silicaan becalculated according to the classical metimidoduced
by Halasz and Martirasshownby Eq. (63)[92, 96]:

Dpore[A] = 0.62 My,)* > (6.3)

where Dpore is the pore diameter of silica ar,, the molecular weight oPSS sample
According to Eq. §.3), the estimation of pore size of siliegas carried outvith the PSS
samplesand toluengwhich corresponds to & to 542A. Fig. 6.27shows that he additional
hydrothermal treatment at 12€ significantly affects the column porosity fboth TMOS
and hybrid capillargolumns.Consequently, these elution curves agve# with the isotherm
curves or cumulative curves obtaineg nitrogen physisorptioanalysisof the corresponding
monolithicsilica rods as shown irfsection 6.1see Fig6.7 and Fig. 6.8

Fig. 628 shows the PSD of the monolithgslica capillary columnsobtained by ISEC
using toluene and PSSampleswith molecular weight from 474 to 10000@®/mol).
According to Eq. (6.3) he extensionnilinimal and maximum pore size) and increment in the

pore size (xaxis) is deternmed by thePSSsamplesavailable(cf. ref. [96]). Regarding the
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hydrothermal treatment applied to the monolitkiica capillaries the important findings

obtained from théSEC measuremesare as follows
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Fig. 6.27. Selective permeation oees of polystyrene standasamplesn THF with bare monolithic silica
capillary columns (a) The curves obtained for TMOS columns (b) The curves obtained for hybrid(15)
columns. Column: MS(100)}T80-15h (A), MS(100}T1203h (x), MS(100}H(15)80-15h (0O),
MS(100}H(15)120-4h (4 ). Temperature: 38C. Detection: 210 nidFraction of elution volumeéZe = Ves/VToluene

First, it is observed that the PSI2termined forthe monolithic silica capillary columns
depends strongly on the temperature of hydrothermal treatmergp@sedin the previous
study [98]. Applying 120 °C asadditional hydrothermal treatment leads to an enhanced
fraction of pore volumeof larger mesoporeswvhich is compatiblewith the result of the
nitrogenphysisorption analysis performed on monolithic silica r@gsshown irSection 6.1
(seeFig. 6.8).

Second, the difference in silica precursothe preparation feedolutionsbetween TMOS
and hybrid columns influences the PSBspecially, MS(100}H(15)80-15h possess the
highestcontentof small pores in comparison with other columns. Subsequenttgnitbe
confirmed that the change the PSDobserved for the monolithic silica capillary colunins
ISEC corresponds to than the PSD obtained for silica rodsy nitrogen physisorption

method as shown irBection 6.1seeFig. 6.8).
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Fig. 628. Pore size distributiometerminedor baremonolithic silica capillary columnsby ISEC. Column:

(a) MS(100yT80-15h, ) MS(100}T120-3h, €) MS(100)H(15)80-15h, @) MS(100)H(15)120-4h.
Fraction of pore volume and pore sizerecalculated according tef. [96].
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6.3.3 Effect of Hydrother mal Treatment on Retention Factors for Alkylbenzenes

To examine the change of psity of monolithic silica in a capillary, RPLC measurensent
were also performedith ODS-modified monolithic silica capillary columngzig. 629 shows
the chromatogramsbservedor alkylbenzenesvith ODS-modified monolithic silica capillary
columnsin methanol/wate V/V) = 80/20 at 30°C. Regardingthe retention factar(k) for
hexylbenzenek = 346 wasobtainedfor MS(100}T80-15h, andk = 2.16 for MS(100)} T120-3h.
For the hybrid silica columnshe retention factor foMS(100}H(15)80-15h showedk = 531
and that for MS(100H(15)1204h wask = 3.16. As expected, the retention factors for the
columns treatecdditionallyat 120°C were comparable with tiseobtainedfor the columns
shownin Section 6.4see Tablé.6). This shows that surface modification with OI¥EA for
themonolithic silicacolumrs was carried out properfNote thataslightincreaseo f  %inl 1
the retention factor was detectiedcomparison witlthoseof the corresponding coluremised
in Section 6.2 which is presumably related to differenicehydrothermal treatmengince a
different oven wasmployed. The difference in hydrothermal treatment of the capillary
column correspondgo that in the retention factor for hexylbenzene, @msdictedfrom the
carbon content%C) of ODS groups determinedoy elemental anabis of the corresponding
silica rodsshown inSection 6.1(seeTable6.2). The capillay columnsfeaturing a relatively
small retention factoarethose possessing a larger mesopore size madardinglysmaller
BET surface arearesuling in a smaller amount of ODS groupsintroduced by
octadecylsilylationas determinedby nitrogenphysisorptionmethodperformedon thesilica
rods and ISEC on the capillaries themselves.

On the other handwhen MS(100)}T80-15h is comparedto MS(100}H(15)80-15h o
MS(100)}T120-3h to MS(100)}H(15)120-4h, it can be recognized théte differencen the
retention factofor hexylbenzenés muchlargerthan thepredictionobtainedfrom the carbon
contens (%C) of the ODSmodified corresponding silica rodsee Table 6.2. Theseresuls
support a significant effect of the methyl grougrovided by MTMS, contributing to
hydrophobic retention ability in RPLC, dsescribedn Section 6.2

The estimation of pore sizes of silica applying E§3)is based on thstraightforward
assumption that the pore size is 2.5 times larger than the rotational coil of polystyrene
molecules in THF or methyler@hloride[92]. For a detailed interpretation,is essential to
estimate acomputationally simulate@SD with the result obtained from mercumgrusion
porosimetryor nitrogen physisorptionmethod[97, 135 137]. Considering accessibilitgf

molecules into poresindicates thathe nitrogenphysisorption methods more reliable than
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ISEC because of the small molecular size of nitrogen. Howévehould be emphasized

that ISEC isusefulto semiquantitativelyinvestigate mesmrosity of capillary columnThe

presentstudy reveas that thetrends in porosityof the monolithic capillary columss, as a

function of hydrothermal treatmerndprrespondvell to thoseobtainedfor the corresponding

monolithicsilica rods which were treatedimilarly.

(a) MS(100)-T80-15h

AP =50 bar
u = 1.00 mm/s k(hexyl) = 3.46
N = 39000
Thiourea ~* H=5.9 um
k o
fL A
12 14 16 18 2;]
Tlme (min)

(b) MS(1 00)-T1 20-3h

.

AP =47 bar
u=1.00 mm/s

k(hexyl) = 2.16
N = 41000
H=5.7 um

0 2 4 6 8 10 12 14
(c) MS(100)-H(15)80-15h  T'me (min)

16 18 20

k(hexyl) = 5.31

AP =35 bar
i N = 31000
u=1.01 mm/s H=7.4pum
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
(d) MS(100)-H(15)120-4h Time (min)
AP = 37 bar k(hexyl) = 3.16

u=1.03 mm/s

N = 33000
H=6.9 um
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0 2 4 6 8 10 12 14
Time (min)

16 18 20

Fig. 629. Chromatograms obtained for alkylbenzenes with @i&lified monolithic silica capillary
columns. Column: (a) MS(100)80-15h (column length 23.0 cm), (b MS(100}T120-3h (23.2 cm), (c)
MS(100}H(15)80-15h (229 cm) and (d)MS(100}H(15)1204h (22.7 cm). Solute:thiourea,alkylbenzenes
(CsHs(CH,)H, n = 1- 6). Mobile phasemethanol/wate(V/V) = 80/20.Temperature: 36C. Detection: 210

nm. Pressure drop and linear velocity are shd®etention factor, number of theoretical plates, and plate

height for hexylbenzene are also indicatéde numbers of alkyl chain length aggpressedo identify

alkylbenzenes
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6.3.4 SEM Observation andExamination of Permeability with Monolithic Silica Columns
As shownin Fig. 630(@) and 6.30(b), SEM photographs for monolithic silica capillary

columns were taken in order to qualitatively study the influence of the synthesis parameters
on the macroporosityFig. 6.30(a) shows thattiis possible to prepare monolithic silica
capillary columms, in which the structure connectto theinner wall without relation tathe
difference inhydrothermal treatmentComparing the photographs in Fi§.30(b) indicates
thatTMOS capillary columngossess thinneskeletons andmallerthroughpores thanhybrid
capillary columns. The TMOS columns feature a domain(siz®mbined size dhroughpore
and skeletonof 213 em, and the hybrid columns @ em. In addition, the macropore
structure observed forthe monolithic silicacolumrs with the same silica suppofTMOS or
H(15) seriescolumng show no significant variation due tothe difference in hydrothermal
treatment becausdéhe samefeed solutions weremployedfor preparationas shown in Table
6.7. This finding is onsistent with the resultsbtainedfor monolithic silica rod reported by

Minakuchiand ceworkerd25].

-97-



Chapter 6

2

3) MS(1-H( 5)80-15h

Fig. 6.30. Scanning electron micrographs of monolithic silicaa capillarywi t h  an | ..fa) of 10
Scal e bars c¢or xd60p (bpSdale hars c@r@spoadmi®d ( & ®300Q) Column: (1)
MS(100)}T80-15h, (2) MS(100}T120-3h, (3) MS(100H(15)8015h, (4) MS(100}H(15)1204h.

In Table6.8 thetotal porosityg, the external porositye, the pore sizeestimatedy ISEC, the
permeability(B,), and the plate heigkitl) for thiourea in methanol/watév/V) = 80/20 at 30C for
the bare monoalithic silica capillary columns are summarized. The total paosdy calculated by
averaging six measuremewfshe elutiontime oftoluene in THF, anthe external porositys, was
1/3 by SEG
as shownn Fig. 631[23, 13§. In addition usingthis plot and Eq. (8), Tallarek and cavorkers

determined by usintipe plot of the elution volumier PSSsamplesn THF againsM,,

have reportedthat the pore size estimated with #mallest PSSample the chains of which are
completely sizeexcluded from mesopores in THF, enables a comparison with the nominal pore size
of particles in a particulate column provided @ymmercialmanufacturerg138 139. Such a
methodwas appliedo the estimation ofthe pore sizeof monolithic silicain the capillaies. The

permeability B,) of a capillary column wasalculatedaccording toD a r ¢ y 0as showainv

Section. 6.2see Eq. (6.2))

-08-



Chapter 6

Table 6.8

Column properties of motithic silica capillarycolumns

Total® External  Peameability ny .
Column . . Plateheight’ D pore (sec)
porosity porosity (By)
(MS(100)) 2 ( €m) (R)
(&) (&) (x 107" m)
T80-15h 0.918 0.797 4.4 4.0 68
T120-3h 0.922 0.799 4.7 4.0 110
H(15)8015h 0.916 0.779 7.0 4.4 61
H(15)1204h  0.925 0.781 6.8 4.4 100

*Total porosity was obtained with toluene by times measurements in SEC (RSD0.2%).

® External porosity was estimated accordingeto[23] and [L38] (see Fig. 6.31)

¢ According to Eq.§.2), permeability B,) was calculated imethanol/watefV/V) = 80/20at 30°C by assuming
thatthetotal porosity of monolithic silica is 9%o.

‘Plate heightvas measured for thioureanmethanol/wate(Vv/V) = 80/20at 30°C.

®Pore sizewas estimateétom ISEC according teef. [138] and [139).
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Fig. 631. Estimation of external porosityof bare monolithic silica capillary coluren(a) The curves
obtained for TMOS columns (b) The curves obtained for hybrid(15) colu@oismn: MS(100T80-15h
(A), MS(100yT120-3h (X ), MS(100}H(15)8315h (O ), MS(100}H(15)1264h (+ ).

First, it has been already reported thaatand g, for a monolithic silica column are

dominated by thestartingpreparation conditiongarticularly by the concentration oskilica

precursor in the feedolution[25, 60]. In the presenstudy, the same preparation conditions
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were applied to the preparatiof the capillary columns witlthe same silicasupportexcept
for hydrothermal treatment, resulting in the observed similarities ef and internal porosity
e for micro- and mesopores(= 1 &), but influencing mesopore size and PSDstaswvnin
Fig. 628. Interestingly, theestimatedmesqore size of monolithic silica capillary columns
by ISEC correlatewith the pore size of the silica rodswhich are obtainedby nitrogen
physisorption metho(see Tablé.2).

Second, itwas already demonstratedhat the domain size for a monolithic silica capillary
column can be controlled by adjusting PEGountin the feed solution [60, 140. The
permeability reflects the domain size of monolithic silica capillary asshownin Section 6.2
(see Table 6.4)t can be assumed thiite difference irthe permeabilitybetween TMOS and
hybrid columns corresponds to that in domain gbserved bySEM (seeFig. 6.30(b)).
Furthermore, column efficiencstrongly depends orthe domain size ofr monolithic silica
capillary column, ashown inSection 6.4see Fig. 6.24)60, 140. The column efficiencyfor
thiourea fonretentive soluten methanol/water(V/V) = 80/20 at 30°C is quite similar
between the columns witthe samesilica supportbecause of the similar domain sizés
contrast, the differences in column efficienbgtween TMOS and hybrid columrere
observablewhich is attributedto different domain sizegseeTable 6.8). However column
propertiesof monolithic silica capillary columns producedby applying thesameinitial
preparatiorconditions are quite similar except for the differesdée mesopore size and PSD
which isdueto thedifferent hydrothermal éatmentgseeFig. 6.28 and Table6.8). Thus, this
finding supportghatthe difference in column efficiencgbservedor the monolithic columns
with the same silicasupportis ascribedto that in the pore size and PS&demonstratedh
thefollowing examinatiorof columnefficiencyobserved fothe peptideqsee Fig. 6.35)

Fig. 6.32 shows the relationship betweeocolumn pressure dropobtained for
ODSmodified monolithic silica capillary columns and linear velocuy in three kinds of
mobile phase, acetonitrile/watdi/V) = 80/20, acetonitrile/watdrifluoroacetic acid
(TFA) (VIVIV) = 28/72/0.1, and acetonitrile/water/TRX/V/V) = 33/67/0.1 at 30C. The
hybrid columns providedsimilar values for column pressuredrop. Even for TMOS
columns, thedifference in column pressure drapuld becalculated to bevithin 9 % at
same linear velocities, as expected from tfaues of the permeability in Table6.8.
Therefore these results agree well with the aforementiomeelrpretationthe domain size
is quite similar between the columnsthvthe samesilica support but different between

TMOS and hybrid monolithic silicaolumns
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Fig. 6.32. Plots of column pressurdrop against linear velocity of mobile phase. Mobile phass:
acetonitrile/watefV/V) = 80/2Q (b) acetonitrile/watdi FA (V/V/IV) = 28/72/0.1, (c)acetonitrile/wateilFA
(VIVIV) = 33/67/0.1.Column: MS(100T80-15h (A), MS(100}T120:3h (x), MS(100)H(15)8615h (O ),
MS(100}H(15)12064h (4 ). Temperature: 3€C.
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6.3.5 Comparison of Column Efficiency with Alkylbenzenes
In Fig. 633(a) and 633(b), plate height i) obtained forthe ODSmodified columnss
plotted against linear velocity(u) in acetonitrile/water(V/V) = 80/20 at 30°C. The

applicationof pentylbenzene and hexylbenzetwethe examinatiorcould provide similar
retention factos obtained forthe capillary columns witlihe same silicasupport(seethe
information in Fig 6.33). This allows for aeasonableomparison of column efficiendpr
the capillary columnsvithout relation to difference in retention factarhich is based on the
assumptiorthat the diffusivity and the molecular size are similar because the structural
difference between pentylbenzene and hexylbenzene ioariyethylene group (Ch).

As shown inFig. 633(a), it is observed that theurves are obviously similar between the
capillary columns withthe same silicasupport demonstrating thathere is no effect of
mes@orosity on the column efficiency for the solutédlith respect to the evaluation of
monolithic silica column,tis resultrevealsthat the influence ofmesgorosity on the column
efficiency for small moleculesas alkylbenzenes isegligible, as reported previously by
Guiochon and cavorkers p4].

In Fig. 6.33(b), the plotsobservedor pentylbenzenshowthat aplate height oH = 5.3¢ m
wasobtainedfor MS(100}T80-15h k = 1.23), andH = 5.2em for MS(100}T120-3h k = 0.82)
atu = 2.0 mm/sThis difference in column efficiency esumablyattributedto the different
values for the retention factas. It has beemlemonstratedby Tanaka and cworkers that the
column efficiency for a monolithic silica capillary column tends tadoee slightly lower
with anincrease in retention factor thesplit injection/flow system76).

However,comparng the column efficiency even at= 6.0 mm/sshows thata value of
H = 7.1¢ mwasobtainedfor MS(100)T80-15h, andH = 6.8¢ nfor MS(100)T120-3h.

In addition for the hybrid columns,the column efficiency was similabetween
MS(100yH(15)80-15h (H = 9.6em, k = 1.65) and MS(106)(15)120-4h (H = 9.0em, k = 1.10).
Consequentlytheseresuls suggest thathe additionalhydrothermal treatmestat 120°C,
performed orboth TMOS and hybrid columnprovidesno significant influence on column
efficiency, buton retention factor regarding the behavior of relatively small moleculess
assumed that the capillary columexposed tahe treatment at 80 °C result ia higher
resolution anda larger sample loading capacity on separation of small moledules
comparison with the columns treated additionally at 120f€cause the retention ability
due tohigher surface are@an be increasedithout significant loss of columaefficiency.

Furthermore this measuremenrdllowed determining the difference in column efficiency
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between TMOS columns and hybrid columiiis result isdirectly related to thedifferent
domain sizewhich contributes todifference inmass transfeof solute as describedby the

aforementioned results (see Tabl8 and Fig. 6.32)
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Fig. 6.33. Van Deemter plots obtained for OB&dified monolithicsilica columnswith alkylbenzenes. (a)
ThePlotsobtained fopentylbenzene and hexylbenze(®.The Plotsobtainedor pentylbenzeneColumn:
MS(100)T80-15h (A), MS(100yT1203h (x), MS(100}H(15)8015h (O), MS(100)H(15)1204h ).
Mobile phase: acetonitrile/watg¥/V) = 80/20.Temperature: 30C. Detection: 210 nmRetention factofk)
for pentylbenzene: MS(100)80-15h K = 1.23), MS(100)T120:3h (k= 0.82), MS(100H(15)80-15h k= 1.65),
and MS(1000H(15)1204h ( = 1.10). Retention factor for hexylbenzene: MS(¥0020-3h k = 1.16),
MS(100)H(15)1204h k= 1.55).
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6.3.6 Comparison of Column Efficiency with Peptides

A series of further experiments were performed to address the question, lifatiges in
porosity generated bitydrothermal treatment in both, TMOS and hybrid columns, affect
column performancér large moleculesAs probe moleculeseucineenkephalin 1, = 555
(g/mol)), angotensin 11(M,, = 1046(g/mol)), and insulin ¥,, = 5770(g/mol)) were utilized
for the examination.

Fig. 6.34 showsthe relationshifpetweerplate heigheandlinear velocitywith pentylbenzene,
leucineenkephalinangiotensin Il, and insuli@rhe informationon the measurement conditisn
is shown in Fig. 6.34). The lastabbreviatiomi ei®a column nameenotesiendcapping with
TMSI (seeSection 4.5 It is observedhat column efficiencys lower with increasing molecular
weight for the solutes at relatively high linear velocity because tiie contribution ofslower
mass transfer inside poreghichis obviouswhentheplate height curvéor insulinis compared
to thosefor the other solutesn general it has been known that diffusivity of solute decreases
with anincrease in molecular weight. For an estimation of moledlffsivity of the peptides,

Eq.(6.4) introduced byroung and ceworkers waspplied[23, 141]:

T

D. =83413108
m dm /3

(6.4)

whereD,, is the diffusion coefficient of solute in mobile phase drttie viscosity of mobile
phase, an#l themolecular weight of solute, aridthe measuremetémperature, respectively.
According to Eqg. §.4) by applying303 K andthe viscosity of mobile phasg = 0.86 cPD,, =

3.6 x 10° cn/s was obtained for leucirenkephalin, 2.9 x 1dcn/s for angiotensin Il, and 1.6

x 10° cnf/s for insulin. In addition, the diffusion coefficient of pentylbenzene in
acetonitrile/water(V/V) = 80/20 at 30°C was determined asl.7 x 10° cn/s from the
experimental data reported by Carr and[142. These dat indicate that an increase in
molecular weight (molecular sizedntributego significantlylower column efficiency.

Moreover interestingly the plate height cus/@re convex upward for the peptides in
comparison with the curve for pentylbenzene. This tendency was also observed for the other
capillary columns despite the differences in pore size or RSDpports that the phenomenon is
not dependent on intraskeletonsadransfer due tthe mesoporositin monolithic silica, but

may be related teddy diffusion, representelly the coupling theorgf Giddings p1, 143.
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Fig. 6.34. Van Deemter plots obtained for MS(100)20-3h-e with compounds of varying molecular
weight Symbol: pentylbenzene in acetonitrile/wa(®t’VV) = 80/20 X ), leucineenkephalin (A) and
angiotensin Il @) in acetonitrile/water/TFAV/IVIV) = 28/72/0.1, insulin ©) in acetonitrile/water/TFA
(VIVIV) = 33/67/0.1. Temperature: 3C. Detection: 210 nm for pentylbenzene, 220 nm for the peptides.

The lastabbreviatiomi eiba column namstands foendcapping with TMB

To investigatethe effect of mesoporosityon column efficiency for the peptidethe
comparisonof MS(100}T80-15he with MS(100}T120-3he or MS(100H(15)80-15he
with MS(100}H(15)120-4h-e is reasonableasdemonstratethy using theresultsin Fig. 6.28
and Table 6.8

Fig. 6.35 showsVan Deemter plots obtained for the monolithic silica capillary coluwitis
leucineenkephalin, angiotensin I, and insulin at similar retention faciidre. comparison of
MS(100)T80-15h-e and MS(100Y120-3h-e shows that theolumn efficiency is quite similar for
leucineenkephalin, angiotensin Il, and slightly different for insulin at linear velocities between
0.085 mm/s In contrast, there is significant difference in woh efficiency between
MS(100}H(15)80-15he and MS(100GH(15)1204h-e, in particularfor insulin with increaimg
linear velocity from 0.08 to 6 mm/s. The difference in column efficieiservedor the hybrid
columns tends to be larger witle gradual increase in molecular weightloé peptides

Fig. 6.36 showsthe chromatogram®btainedfor the ODSmodified monolithic silica
columns withinsulin atu = 4.0 mm/sin acetonitrile/water/TFAV/V/V) = 33/67/0.1at 30°C.
Comparing the difference in plate height betw@®hOS series columnwith the difference

betweenhybrid series columneevealsthat additionalhydrothermal treatment at 12C for
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MS(100)}H(15)1204h-e contributes tdhe variation ofcolumnefficiency.In contrast, for the
TMOS column, hydrothermal treatment at 12D does notsignificantly influence column
efficiency even for the insulin.

As shown in Fig. &8, the results obtaineoy ISEC demonstratéhat there are more small
pores insidebare MS(100H(15)80-15h compared to bare MS(100B0-15h. Moreover,the
results obtainedy nitrogen physisorption methdor the corresponding silica rodslicatethat
hybrid silica rod treated at 8C for 15 hourghybrid(15)}80-15h) possesses a larger quantity of
small mesgores compared to TMOS rod exposed0 °C for 15 hourdTMOS-80-15h), as
shown in Section 6.1 (see Fig. 6.8) Regarding mes@ore volume below 60 A,
hybrid(15)}80-15hshowsa 18 times larger pore volume thdMOS-80-15h whereaghe silica
rods treated additionally at 12@€ (TMOS-120-3h and hybdd(15)120-4h) show much less
pore volumeThereforethese resulteevealthat alarger volume oémall poreselow60 A for
bare MS(100}H(15)80-15h contribute to the lower column efficiency for the peptides
compared tdhe pore volumef bare MS(100H(15)120-4h. It is concludedhatapplication of
hydrothermal treatmeratt higher temperature the hybrid columnis mandatoryin compaison
with the TMOS column, to provide higher column efficiency wih increase in molecular
weight (molecular size).

On the other handhe presence of microporesight beconsiderabldéor the monolithic silica
material especially for MS(100}H(15)8315h accordingto the results of thenitrogen
physisorptioranalysisperformed on the monolithic silica rods, as shaw8ection 6.1seeFig.
6.8). In general, the presence of micropores is not favorable with respect to column efficiency
for small moleculen HPLC [2]. However,the resuk shown in Fig. @3 represenho influence
of microporosityon column efficiency for alkylbenzenégtween thenontreatedand treated
columns at 120 °CRegarding he total porosity(g) of column the bare monolithic silica
capillariesunder study showabout 92% (see Table.8), whereasa column packed witbare
silica particlesprovides about78 % [25]. This comparisormears that the particulate column
possesses approximatéyimes moreamountof silicathanthe monolithic silica apillaries If
it is assumed that both silica particle and mongdtesessdentical micre and mesporosity,
this difference in silica amounin the column reflects that the monolithic silica capillary
columrs show much lesseffect of micro- and mesoporositpn column efficiencythan the
particulate columnThis interpretation substantiagtéhe aforementioned results obtained for
alkylbenzeneswith both TMOS and hybrid columrass well as those for the peptides with

TMOS columns without relation to the influence of microporosity.
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Therefore the resuls shown inthe presenstudy dedicated tahe elucidation of influence
of mesoporosityon column performanceupportthe conclusiorintroducedin Section &:
the preparation method of the monolithic silica columns, exerting a drastic impact on
structural homogeneity regarditigroughpores andsilica skeletonswill lead toa significant

improvement of column efficiend0, 63, 64, 71, 74, 140, 144.
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Fig. 6.35. Van Deemter plots obtained for OBSodified monolithic silica columngiith threekinds of
peptides (a) (c) The pots obtained forTMOS columns (d)- (f) Plots obtained forhybrid columns.
Column: MS(100)T80-15hve (A ), MS(100JT1203he (%), MS(100yH(15)80-15he (0O),
MS(100}H(15)1204he (4). Solute and mobile phase: (a) and (d) leuankephalin in
acetonitrile/wateFA (V/IVIV) = 28/72/0.1, (b) and (e) angiotensinifi acetonitrile/watd FA (V/IVIV) =
28/72/0.1, (c) and (f) insulin iacetonitrile/watdl FA (V/V/IV) = 33/67/0.1.Temperature: 30C. Detection:
220 nm.kgo stand for retention factors observed for tw@umns treated at 8€C, and ky» for those

observed for theolumnstreated additionallyat 120°C.
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I ] T T 1 T T T T L T T T T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1.0 1.2 0 0.2 0.4 0.6 0.8 1.0 1.2
Time (min) Time (min)

Fig. 6.36. Chromatogram®btainedfor insulin with ODSmodified monolithic silicacolumns Column:(a)
MS(100}T80-15he (column length22.1 cm), (b) MS(100)T1203he @2.9cm), (c) MS(100H(15)80-15he
(21.3cm), and(d) MS(100)H(15)120-4h-e (22.2cm). Mobile phase: acetonitrile/water/TRX/V/V) = 33/67/0.1.
Solute:thiourea,insulin. Temperature: 30C. Detection: 220 nmPressure drop, linear velocity, number of
theoretical platesandplate height for insulin arghown
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6.3.7 Conclusions

In the present studyhe influencesof hydrothermal treatments at 8€C and 120 °Con
mesoporosity of monolithic silicaapillary columnwere examined The change in PSD,
attributedto applying the additional hydrothermal treatmentl20 °C or different silica
precursor in the feed solutiom the preparatigrwasdetectedor the capillary columns bysing
ISEC. Ths result regarding PSDwas in agreement withthe resultobtainedby nitrogen
physisorption methotbr the corresponding monolithisilica rods shown inSection 6.11ISEC
performed on monolithic silica capillaries and nitrogen physisorptiethodon corresponding
monolithic rods allowedor a systematic comparison, enabling #stimationof mesopore sizes
even in capillaries with suimillimeter diameterThe retention factors for hexylbenzene with
ODSmodified capillary columns in methanol/wat®V) = 80/20 at 30°C corresponded tthe
resultsgiven by elemental analysisf ODSmodified monolithic silica rodsin addition, the
comparisonof the retention factorbetween TMOS andhybrid columns for which similar
hydrothermal treatment was carried antlicatedthe significantcontributionof methyl groups
to theincrease imetention factor in RPLC, which is also demonstrategection 6.2

The examination of column efficiency femall moleculs as alkylbenzenegevealedthat
thereis no significantinfluenceof mesoporosityn the column efficiencybetweemonttreated
and treatednonolithic silica columaat 120°C. This suppors that a monolithic silica column
treakd at 80 °Cfor 15 hoursis expected to provida higher resolution and larger sample
loading capacity orseparation of small moleculda comparison witha column treated
additionally at 120 °C because ofa higher contentof ODS groups resulting ina larger
retention ability without significanloss of column efficiencyWhen leucineenkephalin,
angiotensin I, and insuliwereapplied to thaneasurements RPLC, lower column efficiency
was observed for the hybrid column treated at@Q@vith increasing molecular weight te
peptidescompared tahat for thehybrid column treated at 120C. In contrast, the resualt
obtainedfor TMOS columnsshowed thatthere was no significant difference in column
efficiency forthe aforementioned peptiddswasassumedhat the high content of small pores
below 60A in thehybrid column treated at 8@ contributel to the low column efficiency, as
predicted by nitrogen physisorption methodnd ISEC. Therefore, itis suggestedthat
hydrothermal treatmentit higher temperature isnandatory for the hybrid columnin
comparison withthe TMOS column, to provide higher column efficiency wéh increase in

molecular size of solute.
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7 Summary and Outlook

This thesis is dedicated to the preparation and characterization of monolithic silica capillary
columns using TMOS and MTMS as silica precursoisummarythe authorchallengedan
approach to increasretention ability for a monolithic silica capillary column while
maintaining or improvinghe column efficiency, becaugshisis aconsiderable conceffor the
capillary columms to achievehigh resolution in HPLC.

To attain the aforementioned objectivehe monolihic silica capillary columns were
preparedy increasinghetotal silaneconcentration andeducing MTMS concentration in the
feed solution as describeih Section 6.2MTMS/TMOS hybrid monolithicsilica capillary
columns were successfully prepareavhich can provide higher column efficiency while
maintaining a similar retention factor in RPLC compared to the MTMS/TMOS hybrid column
prepared previously0].

As another approackhe effect of hydrotheral treatment with ureacontributing to change
of mesoporosity in monolithic silicayas examined, as shown Bection 6.3 Decreasing
mesopore sizef monolithic silicaleads to a larger surface areasuling in alargeranmountof
ODS groupsas confirmed by elemental analysighich is directly related tcan increase in
retention factor in RPLOConsequently, by applying the hydrothermal treatment &C8for
15 hours, it was confirmed that the monolithic silica colamain providea larger retention
factor for a small molecule without significant loss of columffi@ency compared to the
columnsprepared with additional hydrothermal treatmani120 °C for 34 hours which has
beenoften carried out in thereviouspublications § 6 , 50D This hydrothermal treatment
at 80 °Cfor 15 hourswill be expected tancrease separation efficiency for small molecules
with respect to retention facto@spredictedn Section 2.4see Eq. (29)).

In addition the contributionsof methyl groupgprovidedby MTMS to retention factorand
sucha separation factor &§T/O) weredetected significantly in this thesiEhe characterization
methods of monolithic silica rods.e. IR adsorption spectroscopy, elemental analysis were
useful toexaminethe hybrid monolithic silicaconfirming that methyl groups can be imsasl
into the hybrid materials quantitativelfhese results demonstrate that retention ability and
selectivity for solutes in HPL@renot onlyderived from bonded stationary phase introduced by
surface modification, but also stronglgrrelatewith the nature ofa hybrid silicamaterial It
will be interesting to introduce a variety of silica precurdorspreparinghybrid monolithic
silica materials to result inthe characteristic retention behaviours and separation selectivity

Moreover, & enhancecolumn performarnce regarding theseparatiorselectivity and retention
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ability, developmert of stationary phaswith respect tesurface modification method wible
necessary for monolithic silica columns

As a further objective, it iso achievethe preparation o& monolithic silica column that
will provide higher columrefficiency at a relatively low maximum pressurgystem( O 4 0
MPa) compared to a column packed with stilbm fusedcore shell silica particles or stth
em silica part i tolmee suchsa eamanidwill bd EsBenti@to improve
the structural homogeneitf monolithic silica withsmall domairsizebelow 25 & mwhich
is supposed tbe due tahe improvement ofhe preparatiorconditions as suggested in this
thesis.Regarding the characterizatiari monolithic silica structure it is fundamental to
employ SEM and mercunptrusionporosimetyfor examining the structural homogeneity of
monolithic silicamaterials as shown in this thesiddditionally, the characterizatiosuch as
CLSM and capillaryflow porosimetry will be required to investigate the structural
homogeneity ofmonolithic silicacapillarycolumns quantitatively84, 120, 127, 128

Furthermore, it is crucial to control theructural shrinkage of monolithic silican a
capillary, as mentioned isection 1.1In general, column efficiency tends todoenelower
with increasingthe column diameteiof monolithic silica capillary[54]. It is important to
prepare a monolithic silica capillary columwvith a large columndiameter(e.g.an I.D. of
530¢ mpwithout any significant loss of column efficienay comparison witta monolithic
silica column withan I.D. of100& nor smaller To attain the aforementioneaabjective it

will be vital to investigate preparation conditignncludingselection of dica precursors
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9 Appendices

9.1 Chemicalsand Instruments

9.11 Reagensfor Preparation of Monolithic Silica

Silica precursorTetramethoxysilanéTMOS: My, = 152 (g/mol)) (Merck KGaA, Darmstadt,
Germany, methyltrimethoxysilane MTMS: My, = 136 (g/mol)) (Dow Chemical Midland,
Michigan, USA.

Polyethylene glycolPEG) PEG(M,, = 10000 (g/mol)) (SigmaAldrich, Taufkirchen Germany,
PEG(My = 10000(g/mol)) (Merck KGaA).

Urea:Urea(My, = 60 (g/mol)) (Merck KGaA).

Acetic acidaqueoussolutionn A 0.01 M acetic acihqueous solutiowas prepared with 1 M

acetic acichgueousolution(SigmaAldrich).

9.12 Reagensfor Surface Modification
OctadecylsilylationOctadecyldimethyN,N-diethylaminosilane (OD®EA: M,y = 384 (g/mol))
(Merck KGaA)

EndcappingN-(trimethylsilyl)imidazole(TMSI: M, = 140(g/mol)) (Merck KGaA).

9.1.3 Solutes forEvaluation of Column Performance

(1) Standard smaples in RPLThiourea(My, = 76 (g/mol)), uracil (My, = 112 (g/moal)), benzene
(Mw =78 (g/moal)), toluere (My, = 92 (g/mol)), ethybenzendM,, = 106 (g/moal)), propybenzene
(Mw = 120 (g/mal)), butylbenzengMy, = 134 (g/mol)), pentybenzene(My, = 148 (g/mal)),

hexylbenzendM,, = 162 (g/mol)), o-terphenyl(My, = 230 (g/mol)), triphenylene(M,, = 228

(g/moal)) (98 %,SigmaAldrich).

(2) Peptides Leucineenkephalinacetate salt hydratéM,, = 555 (g/mol), angiotensin Il
human(M,y = 1046(g/moal)), insulinfrom bovine pancrea@v,, = 5770(g/mol)) (HPLC grade
SigmaAldrich).

(3) Polystyrene standashmpledor size exclusiorthromatography Polystyrene My = 580

(g/mol)), polystyrene My, = 2000(g/mol)), polystyrene M, = 4000 (g/mol)) polystyrene
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(Mw = 9000 (g/mol)), polystyrene i, = 13000(g/mol)), polystyrene N, = 25000(g/mal)),
polystyrene ¥, = 35000(g/mol)), polystyrene i, = 50000(g/mol)), polystyrene i, = 100000
(g/mal)), polystyrene Ny, = 170000(g/mol)), polystyrene Ny = 233000(g/mol)), polystyrene
(My = 390000(g/mal)), polystyrene N, = 1600000(g/mol)), polystyrene N, = 2000000
(g/mal)), polystyreng M,y = 384000(g/mol)) (GPCgrade(GPC: Gel permeation chrorogtaphy,
Chemco Osaka, Japan

Polystyrene My = 474 (g/mol)), polystyrene i, = 890 (g/mol)), polystyrene N, = 1820
(g/mol)) polystyrene My, = 3470 (g/mol)), polystyrene K = 9730(g/mol)), polystyrene
(Myw = 17600 (g/mol)), polystyrene M, = 28000 (g/mol)), polystyrene M, = 77000
(g/mol)), polystyrene i, = 100000(g/mol)), polystyrene Kl = 141000(g/mol)), polystyrene
(Mw = 229000(g/mal)), polystyrene M, = 321000 (g/mol)), polystyrene ¢y = 633000
(g/mol)), polystyrene Ny = 1044000(g/mol)), polystyrene My = 2190000(g/mol)) (GPC
grade,SigmaAldrich).

Polystyrene Ky = 5858(g/mal)), polystyrene M, = 13648(g/mol)), polystyrene i, = 48900
(g/mol)) (GPCgrade Pressure Chenmat Co, Pittsburgh, PAUSA).

914 Solvensfor Measurementin HPLC

Pure waterWater purified by Mili-Q® Advantage A 10 water purification systerfierck
Mil lipore, Billerica, MA, USA).

Methanol: Methanol with HPL@rade(Roth GmbH Karlsruhe Germany.

Acetonitrile: Acetonitrile with HPLC grade (Roth GmhH)

Tetrahydrotiran (THF): THF with HPLC grade (Roth GmbH)

Trifluoroacetic acid (TFA)TFA (99 %, VWR internationalGmbH, DarmstadtGermany.

915 FusedSiica Capillary

Fusedsilica capillary: Fusedsilica capillarieswith anl.D. o f 1 0i0 an outer diameter

(O.D. ) o f ,fisédbiliceecapillareswith anl.D. of 30  gnnanouter diameter@.D.) of
3 6 0 (Polymicro technologies?hoenix, AZUSA).
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9.1.6__Instruments for Preparation of Monolithic Silica
Thermoheater Model ED (Julab Labortechnik GmbHSeelbachGermany
Oven Nabertherm L9/1827 Nabertherm LT 15/1@\aberthermGmbH Lilienthal, Germany

9.1.7 HPLC Instruments

HPLC pump L-7100 (Hitachj Tokyo, Japan LC-20AD (SimadzyKyoto, Japah
Samplenjector. Rheodyner125,Rheodyner725 (RheodyneCotati, CA, USA.

UV detector K-2501 (Knauer Berlin, Germany, MU701 (GL Scierces Tokyo, Japah
CE-2075 (JascoTokyo, Japan

DataprocessarEZChrom Elite (GL Scieres), D-7000 HSM (Hitachi)

9.1.8 Syringe Pump for Surface Modification
Syringepump KDS 100syringe pum@KD Scientific, Holliston,MA, USA).

9.1.9 SEM Instruments
Scanning electron microcopy (SEMLeo Gemini 982, MERIN FE-SEM (Carl Zeiss

Oberkochen, Germaiy
Sputteringcoating HHV Scancoaix (Boc Edwards$smbH, Kirchheim, Germany

9.1.10 Mercury Intrusion Porosimeter
Mercury intrusion porosimeter PASCAL 140, PASCAL 400 (Thermdisher Scientific
Waltham, MA, USA.

9.1.11 Nitrogen Physisorption Instruments

Nitrogen physisorption instrument AUTOSORB-1, AUTOSORB6 (Quantachrome
Corporation, Bgnton BeachFL, USA).

9.1.12 CommissionAnalysis
IR adsorptionspectrometerIFS 25 (KBr tablet methoy IFS 48 (ATR method (Bruker

OpticsGmbH, Ettlingen, Germany
Thermalanalysisinstrument STA 409 PQ(Netzsch Selb, Germany
Elementakinalyer. Carlo Erba 110&€HN-Analyzer Thermo Fisher Scientifjc
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9.2 Estimation of Carbon Content of ODS Groups for Hybrid Silica

In this sectionthe calculationof carbon content of ODS grou®C (ops) is introduced

which isdeterminedor ODSmodified hybrid monolithic silicaods(seeSectiorns.1).

According tothe principle of elemental analysithe carbon conten{%C) contained ina

samples representedas showrby Eq. (9.1).

_ Massof carbon in sample(weight)
Total samplemass(weight)

%C 3 100 (9.1)

For ODSmodified hybrid monolithic silica thetotal carbon content%C (ta)) iS expressed

as below

YC oty = Y0C0ps) T YC pareny brid) (9.2)

(%C opg: Carbon content ofODS groups €2oHasSi-), %C (pare hybrig: Carbon content of
methyl group¥

Based on the assumption tkia¢total samplemasss increased bgctadecylsiliation, Eq. (9.2)

can beshownby Eq.(9.3).

a X a g
%C ——+ 3 100 9.3
(total) gS+ > S+ 22 9.3

)

% C (ops) % C (bare hybrid)

(St+z: Total sample majs

where S denotesthe massof bare (non-modified) hybrid silica, x the massincrease otthe
carbon (Cy) due to ODS groups (CyHasSi-), z the mass increase caused ¥
octadecylsilylationanda the massof carbon in bare hybrid silec (Note that thecalculation
of surface coverage of ODS groups on silica surface is generatlyed out by this

assumptionas applied tohe calculation irSection 6.XseeEq. (6.1).
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According toEg. (9.3),the carbon conter(%C*(bare hyorig) OF barehybrid silica(z=0, x = 0) is
givenby Eq. (9.4).
aag

O/OC*(barehybrid) = 288_93 100 (9.4)

Thereforethe mass of carban bare hybrid silicda) can becalculatedas below.

SY0C (barenybrid) 3, S (9.5)

& 100 0
(5: -

a=

For ODSmodified hybrid silica,anincrease irsample mas&) is caused by ODS§roups,
based on the aforementioned assump#anshown in Fig. 9.1an increase immass ofcarbon

(x) due to ODS groupsan be represented agunction ofthe increase in sample magk (

:@3 Z (96)
310

Therefore Eq. (9.7) can be obtained by substituting Eq. (Ar)Eq. (9.6)into Eq. (9.3).

8240, _ . 0
& %C ) o

/OC(totaD - EF310 + S 3 (barehy brid) 93 100 (97)
% S+z S+z 100 8

%C*(bare hybrig aNd %€ oty CaN bedeterminedby elementabnalysisof bare (non-modified)
and ODSmaodified hybrid siliceandany valus can besubstitutednto the mass of bare hybrid
silica (§ (e.g. S= 100 mq. Thus, it is possible to calculate the valudhaincrease in sample
mass %), allowing fordetermiration of %C ops) by using Eq. (9.7)Table 9.1summarizeshe

values of carbon conter(@oC), which were obtainedfor the hybrid silica rods used in

Section 6.1see Table 6.2).
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Table9.1

Carbon contentletermined fo©ODSmodified hybrid monolithic silicaods

Silica rod %C (arenybria) . 20C (tota) ® %C parehybrio %C (ops)
Hybrid(15)80-156h 2.4 25.5 17 238
Hybrid(15)120-4h 23 17.6 18 158
Hybrid(25)1204h 4.0 20.8 3.1 17.7

#Carbon conterbtained fononrmodified hybrid silica rodéexperimentatiata)

® Carbon conterdbtained foODSmodified hybrid silica rodéexperimental data)

C,oHasSi— H =311 — 1 = 310 (g/mol)
C,, = 240 (g/mol)

‘ 240

Increase in the mass of carbon (C,): x = 310

C1gH37

CygH ‘
18T H;,C—E|3i—CH3

H3C——Si—CHj CIJH <|J Il-l

z(9)

+ _si_ —> _Si__ + N
N | | Heer  NCoH
N 5C2 2Hs
HsC> CoHs
ODS-DEA Bare Silica ODS-modified silica Diethylamine

S (9) S+z(g)

Fig. 9.1 Mass increasi monolithic silica byoctadecylsilylation
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